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HIS 1956 TRANSACTIONS volume is particularly outstanding in two respects. One 

is the size of the volume, for it contains more pages and more papers than any other 
TRANSACTIONS volume published in recent years, Secondly, it contains the recently- 
adopted list of Letter Symbols for Petroleum Reservoir Engineering and Electric Log- 
ging. These two outstanding features serve to enhance this volume, which is already 
distinguished through its recording of a group of unusually fine papers selected by the 
Transactions Editorial Committee. 


The publishing of more pages in this volume is significant primarily because it is 
symbolic of the growth which the Petroleum Branch is experiencing in all phases of 
activity. During 1956 we have added over 2,100 new members to our rolls — repre- 
senting the largest membership increase during a single year in our history. The num- 
ber and size of regional meetings sponsored by our Petroleum Local Sections has 
grown. Too, the number of sections predominantly petroleum in membership has in- 
creased through the establishment of the Evangeline, Spindletop, Great Bend, and Wes- 
tern Venezuela Sections and the Uintah Basin and Central Appalachian Petroleum 
Sub-sections. Editorial and advertising pages have increased in JOURNAL OF PETROLEUM 
TECHNOLOGY, further improving our monthly magazine. 


The publication of the Letter Symbols for Petroleum Reservoir Engineering and 
Electric Logging represents the culmination of five years of work by the Petroleum 
Branch Symbols Committee, headed by Francis A. Collins. The formulation of this list 
represents another milestone in the history of the petroleum engineering profession, for 
it improves our means of communication — our tools for exchanging technical knowl- 


edge. 


Over and above these achievements, one of the most noteworthy steps taken this 
year has been the laying of the groundwork for the conversion of our organization to the 
Society of Petroleum Engineers of AIME. This impending change follows closely on the 
heels of the adding of “Petroleum” to the name of the Institute during 1956, thereby 
renaming our parent organization the American Institute of Mining, Metallurgical, and 
Petroleum Engineers. 


Truly our professional society is reaching full maturity with greater recognition 
and phenomenal growth in every quarter. In the midst of our era of success we must 
keep in mind that the very foundation of our society is the exchange of techaical knowl- 
edge through our TRANSACTIONS. It is within the pages of this TRANSACTIONS 
volume that we make our true contribution to the petroleum industry and to mankind by 
pointing the way toward better means for producing more oil. 


THOMAS C. FRICK, Chairman 
Petroleum Branch, 1956 


January 1, 1957 
Dallas, Texas 
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The primary function of the Transactions Editorial Committee is to receive the papers tendered 
for publication by the Petroleum Branch, and to select from them those papers that shall be published 
in the TRANSACTIONS Section of JouURNAL OF PETROLEUM TECHNOLOGY. This selection shall be based 
on the merit of such papers in the light of existing standards. The committee shall be the final authority 
on the selection of papers for publication in TRANSACTIONS. ; 

During 1956, the Transactions Editorial Committee worked under the following guiding princi- 
ples in selecting material for publication in TRANSACTIONS. 


THE, TECHNICAL PAPER 


Manuscripts should present completed original work embodying the results of extensive field, plant, 
laboratory, or theoretical investigations, or new views on old but important problems. Originality does 
not necessarily justify publication. The work must be sufficiently significant to warrant inclusion in the 
permanent literature of the Society. Previous publication in media normally available to petroleum engi- 
neers is usually a bar to acceptance. In addition to technical acceptability, the material should be pre- 
sented clearly and concisely. In reviewing a paper, it is important to distinguish between technological er- 
ror, erroneous conclusions, and valid conclusions which may be in conflict with those previously held on 
subjects of a controversial nature. When the data presented appear to be accurate and complete and the 
conclusions drawn in accord with the data, then the author is entitled to the right of publication even 
though his conclusions may be oven to valid argument as a result of alternative, but equally valid, inter- 
pretations or because of unpublished data in the possession of the reviewer. There will be ample oppor- 
tunity for objections when the paper is published. On the other hand, important experimental, analytical, 
or mathematical errors or erroneous conclusions drawn from the data presented constitute a reasonable 
basis for rejection of the manuscript pending appropriate corrections. 


THE TECHNICAL NOTE 


The Technical Note shall constitute a contribution to the technical literature and shall be: 


1. Material submitted by an author as a short manuscript; 
2. Material condensed from a longer manuscript at the request of the Transactions Editorial Com- 
mittee. 


Technical Notes which are designated as such when submitted by authors will be considered promptly 
by the Transactions Editorial Committee and, if approved, will be published promptly. Such Notes should 
consist of the following: 


1. Results of short investigations which do not warrant a Technical Paper. (Investigations of wide 
scope and interest, even though short, constitute material for Technical Papers. ) 
Results of limited scope from extensive investigations that do not warrant a Technical Paper; 


3. Results or conclusions arising in the course of an investigation which the author wishes to present 
prior to completion of the investigation. 
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THE CEDRIC K. FERGUSON MEDAL 


William M. Campbell and John L. Martin are the 1956 recipients of the Cedric 
K. Ferguson Medal. They were selected to receive this award for their paper entitled 
“Displacement Logging — A New Exploratory Tool,” which was published in the De- 
cember, 1955, issue of JOURNAL OF PETROLEUM TECHNOLOGY and on page 233 of PETRO- 
LEUM TRANSACTIONS Volume 204. This was the second presentation of the Fer- 
guson Medal for it was awarded posthumously to Cedric K. Ferguson in 1954. 


The purpose of the medal is to recognize the writing of an outstanding technical paper 
by a young member or members (under 33 years of age) of the profession. 


The medal is presented annually unless waived for lack of a worthy candidate. Mem- 
bers of the 1956 Cedric K. Ferguson Medal Committee were Ray Elner, chairman, R. L. 
Slobod, and M. J. Rzasa. 
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ABSTRACT 


A new method for drilling the 
earth’s formations has undergone ex- 
tensive laboratory and shallow earth 
drilling experimentation. This meth- 
od, pellet impact drilling, uses the 
energy of a large mass of high ve- 
locity steel spheres to break and crush 
the rock. Pellets are confined to a 
region close to the hole bottom. 
Motive fluid for transporting and re- 
cycling the pellets is supplied by a 
modified jet pump. 

The pellet drilling method has in- 
herent advantages over conventional 
rotary drilling. First, only a nominal 
amount of weight need be applied to 
the hole bottom. Second, only a very 
small amount of torque is required 
for bit rotation. Third, means are 
available for continual replacement 
of the cutter medium. 

The experimental laboratory work 
and analytical procedures necessary 
for the design of a pellet drill bit are 
described. In the laboratory program 
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approximately half the effort was de- 
voted to the development of a better 
understanding of the physical pro- 
cess, and half to the empirical testing 
of new bit configurations. Factors 
such as pellet size and velocity, jet 
pump characteristics and modifica- 
tions, and power distribution are dis- 
cussed. 

The design and construction of a 
pellet impact bit for drilling a 9 in. 
hole with 1% in. steel pellets are de- 
scribed. Drilling performance in rep- 
resentative rocks, hydraulic operating 
characteristics, and metallurgical 
problems are discussed. 


INTRODUCTION 


This paper discusses an attempt to 
reduce drilling costs through the de- 
velopment of a drilling method basi- 
cally different from rotary drilling. 

Publications on drilling research 
indicate that the major effort on the 
part of manufacturers and operators 
has been confined to research in ro- 
tary, or rotary-percussion drilling. 
This applied drilling research has 
produced significant gains in drilling 
rates and bit life, but thus far it has 
failed to achieve any major decrease 
in general drilling costs. 

From recent statistics released by 
the American Association of Oilwell 


Drilling Contractors’, it can be shown 
that the total cost of drilling an “av- 
erage” well in 1953 was about 2%4 
times the corresponding cost in 1935. 
Analysis of the costs will show that 
they are not due to inefficient field 
operations; they are due instead to 
both an inflated economy and greater 
“average” well depths. Diligent work 
by the industry has reduced the back- 
log of potential economic improve- 
ments in rotary drilling to a group of 
rather marginal prospects. Increasing 
depths and poorer quality reservoirs 
at these depths continue to make the 
drilling cost problem more acute. 
Hence, the aim of the work reported 
here was to develop a new drilling 
method not limited by the inherent 
characteristics of rotary drilling and 
thus capable of attaining further sig- 
nificant reductions in drilling costs. 

The effort devoted to research on 
this proposed new drilling method 
was of considerable magnitude and 
represented in excess of 37 man- 
years of research. The affiliates of 
Standard Oil Co. (N. J.) sponsored 
this development program which was 
conducted by the Drilling Methods 
Section of the Carter Research Lab- 
oratory in Tulsa, Okla. 


The purpose of this paper is to 


1References given at end of paper. 


make the findings of this work a mat- 
ter of record. It is believed that a 
general knowledge of the process and 
basic relationships pertaining to this 
type of drilling tool might be a guide 
for other drilling developments in the 
industry. Because of space limita- 
tions, this paper can include only the 
broad outline and general results of 
the total research program. 


DESCRIPTION OF PROPOSED 
New DRILLING METHOD 


Pellet impact drilling is a process 
wherein rock failure is caused by the 
rapid, random impact of high veloc- 
ity, relatively large pellets. For in- 
stance, laboratory pellet bits dis- 
charged about 300 %-in. diameter 
pellets per second at velocities around 
100 ft/sec. This concept is quite dif- 
ferent in its means of causing rock 
failure than that of introducing abra- 
sive particles into a fluid stream. 

In the initial concept of the pellet 
drilling system the pellets were to be 
accelerated by a fluid jet. Since the 
impact of the pellets would do all the 
drilling, neither bit weight nor rota- 
tion would be required. Furthermore, 
because the pellets would be the only 
bit part to undergo major wear, the 
cutting elements could be replaced 
by adding pellets at the surface with- 
out pulling the bit from the hole. 


Fig. 1 shows the initial concept 
of a pellet bit. This particular bit is 
referred to as a gravity-aspirator 
(abbreviated GA) bit because the 
combined forces of gravity and as- 
piration feed pellets into the second- 
ary nozzle. The operating cycle is as 
shown in the figure. The high velocity 
fluid jet from the primary nozzle 
draws (aspirates) annulus fluid and 
pellets into the top of the secondary 
nozzle. Fluid accelerates the pellets 
in the secondary nozzle and they are 
discharged against the formation. 
The drilling fluid then lifts the pellets 
back up to the aspirator section, 
where they are recycled again. A 
reserve supply of pellets is suspended 
in a cloud just above the primary 
nozzle. Pellets rise alongside the sec- 
ondary nozzle and yet remain sus- 
pended alongside the primary nozzle 
because of different annulus fluid ve- 
locities. Bars form a bridging struc- 
ture between the primary and sec- 
ondary nozzles. In the original con- 
cept, the GA bit had no positive con- 
tact with the hole bottom. 


Comparison of this drilling method 
with rotary drilling will show that it 
would have numerous benefits. For 
example, rotation would not be re- 
quired. This would reduce drill pipe 
failures and at the same time might 
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allow the use of lighter drill pipe and 
simpler tool joints. Since the drilling 
action would not require bit weight, 
the cost of maintaining and operat- 
ing drill collars would be eliminated. 
The ability to replenish the pellets 
without pulling the drill string from 
the hole would eliminate the non- 
productive rig time spent in making 
round trips to change rotary bits. In 
addition, the investment in rig struc- 
ture, drawworks, and engines would 
be reduced since there would be no 
need for high-speed hoisting of heavy 


loads. This could reduce operating . 


expenses further by reducing rig per- 
sonnel and fuel costs. Also, transpor- 
tation and rigging-up costs would be 
less with a lighter rig. 

At the same time the pellet drilling 
system retains one major asset of the 
rotary system, the use of a drilling 
fluid to remove cuttings, maintain the 
hole wall, and control formation 
pressure. 


METHOD OF ATTACK 


The method of attacking this prob- 
lem initially was the direct approach 
of industrial research, the experimen- 
tal testing of small scale laboratory 
drilling devices. Later considerable 
fundamental work was done, both of 
an analytical and experimental nature 
to gain an understanding of the phys- 
ical processes involved. The program 
concluded with the design, manufac- 
ture, and laboratory testing of a full- 
scale, prototype drill. 


PRELIMINARY EVALUATION OF 
Rock FaILuRE UNDER PELLET 
Impact ACTION 


Prior to any development work a 
preliminary experimental study was 
made to learn if the impact action of 
high-velocity particles could cause 
significant rock failure. It was con- 


cluded from this study that the pro- 
cess of rock failure by pellet impact 
was physically sound and that there 
were no physical relationships appar- 
ent that would bar this drilling action 
from bottom hole application. 


TEST EQUIPMENT USED IN 
PELLET BIT DEVELOPMENT 


The refinement of pellet bit design 
and the determination of optimum 
operating conditions required exten- 
sive special test equipment, which 
was developed as the need arose. The 
resulting apparatus permitted labora- 
tory and in-the-ground drilling tests, 
visual study of pellet action, and 
physical measurements of pellet and 
fluid flow at critical points in the bit. 

Drilling tests were conducted using 
a specially designed laboratory drill- 
ing rig and a Mayhew 2,000 ft core 
rig. The laboratory rig permitted the 
drilling of holes up to 5 in. in diam- 
eter to a maximum depth of 5 ft in 
rock samples. (Bedford Indiana lime- 
stone was the standard rock sample.) 
This rig had a weight capacity of 
5,000 1b, could rotate up to 60 rpm, 
and was supplied with 75 fluid hp 
input to the circulating system. The 
Mayhew core rig served a dual pur- 
pose. It was adapted for surface rock 
sample drilling, and it was also used 
to test the down-hole performance 
and handling of pellet bits. In these 
operational tests, four holes ranging 
from 200 to 400 ft in depth were 
drilled in hard, near-surface forma- 
tions. 


A viewing chamber made of Lucite 
tubing permitted visual study of the 
pellet action around the entire bit 
exterior. This chamber could be op- 
erated at full flow rate and pressure. 
Thus pellet action in the cloud, at the 
aspirator section, along side the sec- 
ondary nozzle, and in the hole bot- 
tom could be studied visually and 
with various photographic techniques. 
The photographic methods employed 
included high-speed, multiple-expo- 
sure, still photography and high-speed 
motion pictures up to 3,000 frames 
per second. 


An electromagnetic pellet detector 
was used to obtain physical measure- 
ments of pellet activity inside the 
bore of the secondary nozzle. This 
instrumentation (Fig. 2) recorded 
the number of pellets per second 
(hereafter called pellet rate) passing 
through a special GA bit secondary 
nozzle, and it also recorded data 
from which the pellet velocity could 
be determined. Knowledge of pellet 
rate and velocity made it possible to 
compute the horsepower available in 
the pellet stream. After correlating 
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pellet power with drilling rate, tests 
of the effect of changes in design or 
operating variables were frequently 
made using the pellet detector in- 
stead of drilling tests. In these tests 
the pellet power was used as an 
index of the bit performance. Anal- 
ysis of the pellet detector instrumen- 
tation showed that pellet power could 
be measured to within plus or minus 
5 per cent. 


Measurements of fluid velocities 
and pressure distributions were ob- 
tained through the use of special im- 
pact-static tube techniques. 


DEVELOPMENT OF THE 
GRAVITY ASPIRATOR 
PELLET IMPACT BIT 


The first step in the development 
of an actual pellet bit was the selec- 
tion of a device to recycle the pellets 
at the bottom of the hole. Calcula- 
tions indicated that it would not be 
feasible to circulate the pellets to the 

- surface, and hence some device was 
necessary to load pellets into the high- 
velocity fluid stream near the hole 
bottom. Mechanical and electrical 
devices were considered, but were 
thought to be impractical. Simple ex- 
periments showed that a jet pump 
would recycle the pellets as desired. 
Furthermore, the jet pump is a rug- 
ged device with no moving parts. 
Hence, the general pellet bit config- 
uration shown in Fig. 1 was adopted 
as the bit design to serve as the basis 
of further development work. 

In the development program, a 
total of 26 variables were studied, 
and at least 35 pellet drilling devices 
were tested. However, space permits 
discussion of only those results that 
made a significant, positive contribu- 
tion to the development of the pellet 
bit. 
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REFINEMENT OF GRAVITY 
ASPIRATOR PELLET BIT DESIGN 


NOZZLE DIAMETERS 


In a deep-hole pellet bit the nozzle 
diameters are controlled by certain 
practical considerations. The primary 
nozzle must be large enough to per- 
mit the desired flow rate while using 
the available primary nozzle pressure 
drop; the second nozzle must be large 
enough to prevent jamming of pellets 
in the entry. However, within these 
limits, certain combinations of pri- 
mary and secondary nozzle diameters 
are more effective than others. 


Fig. 3 shows the results of drilling 
tests to establish the effect of a varia- 
ble primary nozzle diameter while 
holding the secondary nozzle diam- 
eter and primary fluid-flow rate con- 
stant. The independent variable in 
Fig. 3 is the ratio of the areas of the 
primary and secondary nozzles, the 
“R-ratio” of the jet pump. The re- 
sults show that the smaller R-ratios 
(smaller primary nozzles in the case 
of a fixed secondary nozzle) give 
higher drilling rates. This is to be 
expected since the smaller nozzles at 
constant flow rate require more in- 
put fluid horsepower. For the most 
part, R-ratios of .045-.05 were used 
in later work. 


SECONDARY NOZZLE LENGTH 


The secondary nozzle should be 
long enough to give the pellets the 
highest velocity attainable with a 
constant primary nozzle input fluid 
power. Fig. 4 shows the result of 
drilling tests to establish the best 
secondary nozzle length. On the basis 
of these tests, the secondary nozzle 
length of the 4%4 in. diameter bits 
was standardized at 8.6 nozzle diam- 
eters (15 in. length for a 1.75 in. 
bore nozzle). From the plot it is seen 
that a length of 8.6 nozzle diameters 
is slightly less than that for maximum 
drilling rate. The shorter nozzle was 
chosen in order to allow some free- 
dom for future work with inclined 
and curved nozzles. 


OFF-BOTTOM SPACING 


The best distance from the bottom 
of the secondary nozzle to the forma- 
tion (i.e., off-bottom spacing) de- 
pends upon nozzle position and in- 
clination. Generally, drilling rates in- 
crease as the nozzle is moved closer 
to the formation. However, if the 
nozzle is too close to the formation 
the drilling rate will drop off because 
of pellet interference. Also, too short 
an off-bottom distance will cause the 
hole drilled to be too small to allow 
the bit to pass. For a nozzle placed 
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NOoZzzLE DIAMETER WAS 


VARIED WHILE HOLDING THE SEC- 
ONDARY NOZZLE DIAMETER AND THE 
PRIMARY FLUID FLOW RATE 
CONSTANT. 


to give an axially symmetrical bot- 
tom-hole pellet flow pattern, the best 
off-bottom spacing appears to be 
about 2.8 to 3.4 nozzle diameters 
(5 to 6 in. for 4.75 in. bits). Testing 
of early gravity aspirator bits was 
done by periodically feeling bottom 
with the bit and then raising it the 
desired distance off the bottom. 
Efforts to provide a means of spac- 
ing gravity aspirator bits off the hole 
bottom were channeled along two 
lines. One approach attempted to 
provide the necessary spacing without 
positive contact with hole bottom. 
The potential use of total reaction 
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forces on the bit for such control 
proved impractical due to the small 
magnitude of the forces. A second 
approach showed that there were no 
exploitable relationships between off- 
bottom spacing and pellet rate and 
velocity. 

The other approach toward pro- 
viding a means of off-bottom spacing 
for gravity aspirator bits involved 
devices that maintained positive con- 
tact with the hole bottom. The added 
metal at the hole bottom shields 
some of the formation from the im- 
pacts of rebounding pellets. Also this 
positive contact member is subject 
to wear from the formation and from 
peening by the pellets. However, 
there appeared to be no alternative, 
and so various types of positive con- 
tact, off-bottom spacers were tested. 
After extensive testing of many dif- 
ferent spacers, the feet shown in Fig. 
5 were selected to space the gravity 
aspirator bit off of bottom. This type 
bit gave an ellipsoidal hole bottom 
contour, with the bit feet riding a 
small (less than % in. in 4.75 in. 
hole) ledge about half way between 
the hole bottom and the nozzle dis- 
charge. The addition of bit feet meant 
that the pellet bit must be slowly ro- 
tated in order that the formation 
underneath the feet could be exposed 
to pellet action. Such rotation repre- 
sented a departure from the initial 
concept. 


CLEARANCE BETWEEN BIT AND HOLE 


Experience showed that there must 
be a minimum of one pellet diameter 
clearance between all parts of the 
gravity aspirator bit and the hole 
wall. The only exception to this rule 
applies to the outside gauge surfaces 
of the bit feet which, for a length of 
about one pellet diameter, are at hole 
gauge. No trouble was experienced 
with jamming of the pellets between 
the hole wall, and this gauge surface. 


‘SECONDARY 


BIT FEET 


BOTTOM VIEW 


Fic. S—-CONSTRUCTION OF BIT FEET 
FINALLY ADOPTED AS A MEANS OF 
SPACING GRAVITY ASPIRATOR PELLET 
Bits OFF OF THE BOTTOM 
OF THE HOLE. 


PELLET SIZE AND SECONDARY 
NOZZLE DIAMETER 


Pellet size is probably the most 
complex variable to be considered in 
pellet bit design. Pellet diameter af- 
fects the maximum fluid flow rate 
that can be used, because of the ten- 
dency of the fluid to wash the pellets 
up-hole away from the bit; it influ- 
ences the efficiency of energy trans- 
fer from fluid to pellets in the sec- 
ondary nozzle; it affects the transfer 
of energy from pellets to the forma- 
tion; it governs the dimensions of the 
horizontal cross section and hence 
the strength of the bit; and it is a fac- 
tor in causing pellet jams in the 
entry to the secondary nozzle, which 
can stop pellet circulation entirely. 
Because of the wide range of influ- 
ence of this variable, pellet size can- 
not be considered entirely on an ab- 
solute basis, but must be considered 
in connection with the total environ- 
ment in which the pellet operates. In 
general, there is a best size pellet for 
any given bit, hole size, and operat- 
ing conditions. Furthermore, it ap- 
pears that the largest pellet that is 
consistent with all other requirements 
may be the best. 


If just one of the areas of influ- 
ence of this variable must be consid- 
ered, it is probably best to think of 
pellet size in connection with sec- 
ondary nozzle diameter. Drilling 
tests, pellet detector tests, and ana- 
lytical work showed that the energy 
transferred to the pellets increases as 
the pellet diameter approaches one- 
half of the nozzle diameter and is 
a maximum when the pellet-to-nozzle 
diameter ratio is 0.5. On the other 
hand, it is extremely difficult to get 
a pellet bit to operate with a 0.5 
pellet-to-nozzle diameter ratio be- 
cause the pellets jam in the entry to 
the nozzle. Visual studies showed 
that infrequent, momentary jams, 
which immediately broke up, began 
to occur at ratios of 0.382. Jamming 
was also observed at increasing values 
of the pellet-to-nozzle ratio up to a 
ratio of 0.5. At this ratio the jams 
would not break themselves nor 
could they be broken by changing 
the fluid flow conditions. Table 1 
states the pellet-to-nozzle diameter 
ratios most used during the bit de- 
velopment period. 


CONSIDERATIONS YIELDING 
MARGINAL RETURNS 


The experimental development in- 
cluded a great deal of test work that 
gave marginal or negative results. 
Tests of these variables, devices, and 
bits did not indicate any material 
increase in the performance of pellet 


bits beyond the results gained from 
nozzle size, nozzle length, and pellet 
size studies. This work can be only 
partly outlined here. 

The spacing between the primary 
and secondary nozzles is not a critical 
variable so long as this spacing is a 
minimum of about 0.2 of the sec- 
ondary nozzle diameter. The tests 
stopped at spacings of 1.2 nozzle 
diameters with no indication of any 
major change in bit performance. 
Nozzle spacings on the order of 0.2 
to 0.43 nozzle diameters were most 
frequently used during the develop- 
mental program. 

Bit performance did not appear to 
be materially affected by variations 
in the secondary nozzle entry con- 
tour. A straight cylindrical entry with 
no taper has a slight advantage over 
the various other contours tested. 

Inclined nozzles are somewhat 
more efficient than vertical nozzles. 
However, in most instances the gain 
in bit performance was not sufficient 
to warrant the use of inclined nozzles 
with their increased structural prob- 
lems and the problem of increased 
wear on the thin sides of the inclined 
nozzles. 


At least 25 pellets drilling devices 
were tested that departed in differing 
degrees from the basic concept of the 
gravity aspirator bit. These included 
tests of multiple primary nozzles, 
mutiple secondary nozzles, multiple 
pellet entry ports in a single second- 
ary nozzle, devices to control the 
travel path of the pellets, pellet wash- 
over preventers, various pellet deflec- 
tors, and devices seeking to use the 
momentum of the pellets to load 
them into the secondary nozzle. 
REFINEMENT OF GRAVITY ASPIRATOR 
BiT OPERATING CONDITIONS 


PELLET CHARGE 


Pellet drilling rates increase rap- 
idly with increase in pellet charge up 
to a saturation charge. (Pellet charge 
is defined as the total quantity of pel- 
lets in the borehole). Beyond the 
saturation charge, the drilling rate is 
rather insensitive to the addition of 
further pellets to the system until 
about 2! times the saturation charge 
is reached. At this pellet charge the 
drilling rate begins to decline slowly. 
The saturation charge for 4.75 in. 
bits is 10 lb of pellets; these bits are 
normally operated with 20 lb of pel- 
lets in the hole. 


TABLE 1 — PELLET-TO-NOZZLE DIAMETER RATIOS 
MOST USED DURING BIT DEVELOPMENT PERIOD 


Secondary 

Pellet Nozzle 

Ratio Diameter Diameter 
0.285 VY, in. 1.75 in. 
0.293 ¥% in. 1.28 in. 


0.428 % in. 1.75 in. 


| 

| 
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IMPROVED HYDRAULIC CONDITIONS 


Pellet bits are moderately sensitive 
to variations in flow rate at constant 
primary nozzle input fluid horse- 
power. With increasing flow rate at 
constant power input, the drilling 
rate increases up to some critical 
value of the flow rate and then de- 
creases; the magnitude of increase is 
on the order of 25 to 50 per cent, de- 
pending upon the power level. These 
results suggest that pellet bits operate 
best, at any given horsepower, when 
the flow rate is just below that which 
will wash the pellets up-hole, away 
from the primary nozzle. Standard 
hydraulic test conditions for the 434 
in. bit were 700 psi and 105 gpm 
at the primary nozzle, which is equiv- 
alent to 43 input fluid hp. 


DRILLING FLUID DENSITY 


Of the fluids tested, the best drill- 
ing fluid for use with a pellet bit is 
water. The use of a 9.6 lb/gal. drill- 
ing mud with a 36.5 second Marsh 
funnel viscosity lessens the drilling 
rate about 25 per cent, and the use 
of air decreases the drilling rate about 
75 per cent below the rate with 
water. 


The performance of the pellet bit 
with air is due to the pressure-dis- 
charge characteristics of an air jet 
pump. These characteristics resulted 
in decreased energy transfer to the 
pellets in the air pellet drill as evi- 
denced by decreased pellet rates and 
velocities when compared with wa- 
ter operation. 


FUNDAMENTAL 
EXPERIMENTAL AND 
ANALYTICAL WORK 


During the course of the extensive 
empirical testing program, it be- 
came evident that a better under- 
standing of certain fundamental re- 
lationships was required before any 
“major improvement in pellet bit per- 
formance could be attained. There- 
fore, fundamental work was started, 
and among the subjects investigated 
were the characteristics of the pellet 
bit jet pump, the suspension of pel- 
lets by drilling fluids, and the energy 
transfer relationships in pellet impact 
drilling. 


STUDY OF PELLET BiT JET 
PUMP CHARACTERISTICS 


An experimental and analytical 
study was conducted to determine the 
operating characteristics of the jet 
pump as built into a pellet bit. Two 
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aspects of jet pump operation as in- 
corporated in a pellet bit set it apart 
from its counterpart as described in 
the literature. First, pellet bit jet 
pumps normally operate with R ratios 
below those of experimental jet 
pumps reported in the literature. 
Moreover, a pellet bit jet pump, as 
opposed to normal jet pumps, draws 
fluid from a stream flowing in a di- 
rection opposite to the discharge of 
the pump. 


Experimentally, a standard pellet 
bit operating in a Lucite tube per- 
mitted both visual observation and 
pressure measurement in the fluid 
stream. In some instances, cavita- 
tion and air dissolution were observed 
at the top inner edge of the second- 
ary nozzle and in the primary jet 
stream. However, secondary nozzle 
fluid velocities calculated from pres- 
sure measurements checked very well 
against pellet velocities measured in- 
dependently in other tests with the 
pellet detector. It was concluded that 
these vapor effects did not cause se- 
rious error in the test results. 


The jet pump tests furnished data 
on the effect of R-ratio and nozzle 
length on recycle ratio (the ratio of 
recycled to driving fluid volume); 
the velocity distribution across the 
secondary nozzle at various nozzle 
lengths; and the jet pump efficiency. 
Fig. 6 shows the results of the work 
to determine the effect of R-ratio on 
the recycle ratio. The calculated re- 
cycle ratios were obtained through 
the use of formulae published by 
Keenan’. With increase in nozzle 
length from 3.7 nozzle diameters to 
10.3 nozzle diameters, the recycle 
ratio decreased on the order of 20 
per cent and remained essentially 
constant to nozzle lengths of 15.4 
nozzle diameters. This was the long- 
est nozzle tested. Other tests showed 
that with a constant R-ratio (0.049) 
a minimum secondary nozzle length 
of 10.3 nozzle diameters is required 
to attain a turbulent velocity distribu- 
tion over the entire secondary nozzle 
cross section. The jet pump efficiency 
of the pellet bit jet pump ranged 
from 25 to 38 per cent, which is 
comparable to the corresponding 
efficiency of commercial jet pumps. 


SUSPENSION OF PELLETS BY 
DRILLING FLUIDS 


Information published on the sus- 
pension of small particles by fluids 
was extended to cover the suspension 
of steel pellets by drilling fluids. Ex- 
perimental and analytical studies 
were conducted on the suspension of 


¥s, Y2, and % in. diameter steel pel- 
lets by water and drilling mud. In 
these particular studies, the pellets 
used were machined ball bearings. 
Pellet suspension tests were con- 
ducted without a pellet bit in the sys- 
tem, but the test conditions ade- 
quately simulated down-hole condi- 
tions. 

Pellets were defined as “sus- 
pended” when the rising annulus fluid 
distributed a given charge of pel-- 
lets throughout a specified depth of 
annulus. Any increase in flow rate 
would cause the pellets to ‘““washover’’ 
beyond the specified height of rise, 
hence the term, “washover velocity.” 


Fig. 7 shows the experimental and 
calculated washover velocity for va- 
rious charges of % in. diameter steel 
pellets in an annulus having an inside 
diameter (D;) of 2.87 in., an outside 
diameter (D,) of 4.97 in., and a 
depth (D) of 24 in. The annulus 
fluid was drilling mud with a density 
of 9.6 Ib/gal. and a Marsh funnel 
viscosity of 36.5 seconds. 


The calculated curve shown in 
Fig. 7 was obtained by using the 
basic expression reported by R. J. S. 
Pigott’ for the settling velocity of a 
round particle through a turbulent 
fluid. Pigott’s basic formula was 
modified by applying correction fac- 
tors for wall effect and hindered set- 
tling as adapted from the work of 
G. G. Brown*. The following expres- 
sions indicate the method of comput- 
ing washover velocity. 


(2) 
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V,, = Velocity given by wash- 
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over flow rate in pellet- 
free annulus, ft/sec. 

V, = Free-fall velocity of sin- 

gle particle in infinite 
fluid, ft/sec. 

Correction factor for wall 

effect. 

C, = Correction factor for hin- 
dered settling. 

d = Pellet diameter, ft. 

P = Pellet density, lb/cu ft. 
P, = Fluid density, 1b/cu ft. 
M = Hydraulic radius of an- 

nulus, ft. 

P, = Apparent density of fluid- 
pellet mixture mass of 
fluid + mass of pel- 
lets/mixture volume), 
Ib/cu ft. 
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ENERGY TRANSFER RELATIONSHIPS 


Very soon after the pellet detector 
was perfected it became apparent 
that the transfer of power from pri- 
mary nozzle fluid to the pellets was 
quite low. In fact, the power in the 
stream of pellets discharged by the 
secondary nozzle was only 2 to 3 per 
cent of the total power delivered to 
the primary nozzle. 

All efforts to increase the pellet 
power at constant input fluid power 
came to the same end result; no sig- 
nificant improvement was obtained. 
When a bit design was tested that 
gave increased pellet velocities, the 
pellet rate decreased so there was no 
major net gain in pellet power. Like- 
wise, when designs were tested that 
gave increased pellet rate, the pellet 
velocity decreased so as to give no 
significant gain in output. 


ENERGY TRANSFER FROM FLUID 
TO. PELLETS 


A special experimental apparatus 
was used to learn whether the major 
energy losses occurred during the ac- 
celeration process inside the second- 
ary nozzle or elsewhere in the peliet 
cycle. In this device pellets were in- 
jected into the secondary nozzle by 
an external power source at a point 
below the jet pump. 

The results of these tests indicated 
that major energy losses occurred 
during pellet acceleration inside the 
secondary nozzle. As pellets were in- 
jected into the nozzle at increasing 
pellet rates, the pellet velocity de- 
creased. The peak pellet output pow- 
er was attained with a pellet rate of 
some 1,200 pellets per second (about 
four times the rate at which a jet 
pump will normally recycle pellets). 
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Fic. 7— EXPERIMENTAL AND CALCU- 

LATED ANNULUS FLUID VELOCITIES 

THAT WILL LiFT 5/8 IN STEEL PEL- 

LETS ABOVE DESIRED HEIGHT OF 
RISE IN THE ANNULUS. 


However, because of the velocity de- 
cline, the peak power at this pellet 
rate was only about 60 per cent 
above the normal pellet power out- 
put of this particular pellet bit. Here 
again was the same phenomenon ob- 
served before, but this time without 
the jet pump having to do the work 
of loading the pellets into the second- 
ary nozzle. Hence in the jet pump 
bit, the limiting characteristics ap- 
peared to be in the acceleration of 
pellets by fluid. 


Analysis of the power distribution 
in a fluid stream accelerating and 
transportating pellets showed that the 
rate of energy dissipation within the 
fluid, as it acts on the pellets, could 
account for the observed limitations 
of pellet power. The total input power 
to a pellet-laden stream can be con- 
sidered as divided between the power 
in the fluid, the power in the pellets, 
and the rate of fluid energy dissipa- 
tion within itself as it acts on the 
pellets (neglecting wall friction loss). 
This concept can be reduced to the 
following simplified mathematical ex- 
pression, Eq. 5, for the total power 
required in a closed fluid-pellet sys- 
tem for continuous circulation of the 
fluid-pellet mixture. 


2 2 
8g. 
Nd 
(17) | © 
In which: 


P. = Total power required during 
continuous circulation, ft-lb 
force/sec. 

P, = Fluid density, lb-mass/cu ft. 

P, = Pellet density, Ib-mass/cu ft. 

D = Stream diameter, ft. 

d = Pellet diameter, ft. 

N = Pellet rate, numeric (pel- 
lets) /sec. 

T = Total pellets in system, nu- 


meric (pellets). 
C, = Drag coefficient of pellet in 
cylindrical stream. 
V, = Average pellet velocity, ft/ 
sec. 
Average fluid velocity ft/sec. 
Gravitational constant, 32.2 
lb mass ft/lb force — sec.’ 

Eq. 5 represents an analysis of a 
closed pellet system wherein pellets 
are circulated around a travel path 
having a uniform cross section of 
finite dimensions. The concept pro- 
poses a relatively high and constant 
fluid velocity, and a variable pellet 
velocity. The pellets are decelerated 
by striking the walls during a 180° 
change in direction of the travel path 
and are accelerated by fluid along 
the straightaway. Thus an “average 
pellet velocity” term appears in Eq. 5 
to account for this variable pellet 
velocity. The pellet power is trans- 
ferred from the system by impact of 
pellets on the walls and must be con- 
tinuously supplied from the external 
power source. 

In Eq. 5 the bracketed term repre- 
sents respectively the relative contri- 
butions of the fluid power, pellet 
power, and the rate of fluid energy 
dissipation within itself as it acts on 
the pellets. The significance of this 
relationship is shown in the third 
member of the bracketed term. This 
term shows that when the ratio of 
the average pellet velocity to the 
fluid velocity is low, when the pellet 
diameter to nozzle diameter ratio is 
high, when the drag coefficient is 
high, and when the number of pel- 
lets trapped in the system is high, 
then the rate of energy dissipation 
by the fluid acting on the pellets is 
large. 


This concept of large rates of 
energy dissipation of fluid on pel- 
lets was checked by re-analysis of 
experimental data obtained with a 
“hydraulic race track device.” This 
test apparatus consisted of a closed 
pellet travel path of uniform cross 
section having a diameter of 114 in. 
(See Fig. 8.) At one point in the 
travel path, a primary jet was ar- 
ranged to discharge directly down 
one of the straight sections of the 
travel path. In the return straight- 
away provisions were made to ex- 
haust the primary fluid while keep- 
ing the pellets in the circuit. In op- 
eration, the race track device had a 
constant fluid power input at the 
primary nozzle and measurements of 
pellet rate and velocity were taken 
with increasing numbers of pellets in 
the closed system. 
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Fig. 9 shows some of the results 
obtained with the hydraulic race 
track. It will be seen that although 
this device merely circulated pellets 
and minimized the work done by the 
pellets, the pellet power peaked and 
declined as more pellets were intro- 
duced into the closed system. Also, 
it is seen that there is a continual de- 
cline in the ratio of average pellet 
velocity to fluid velocity as the num- 
ber of circulating pellets was in- 
creased. 


Fig. 9 also shows that the actual 
physical process is in general agree- 
ment with the relationships proposed 
by Eq. 5. From the figure it is seen 
that the trend of the relationship be- 
tween velocity ratio and pellet charge 
as obtained by analytical work is 
qualitatively the same as that derived 
from calculations based on hydraulic 
track data. Also, the figure bears out 
two predictions made by the third 
term in the bracket of Eq. 5. With 
constant input power, the pellet 
power decreases, after a peak value, 
indicating increasing rates of energy 
dissipation with the addition of more 
pellets to the system. Also, the de- 
cline in the velocity ratio with in- 
creasing numbers of pellets in the 
system indicates that this variable 
significantly affects the rate of energy 
dissipation of the fluid acting on the 
pellets. 

It appears, then, that the relation- 
ships proposed in Eq. 5 are qualita- 
tively correct, and that considerable 
energy can be dissipated when fluid 
transports pellets in a pellet-fluid cir- 
culating system. Apparently, this is 
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one of the fundamental reasons that 
no more than about 3 per cent of 
the primary nozzle fluid power could 
be transferred to the pellets in a jet 
pump pellet bit. 


PELLET TO ROCK ENERGY TRANSFER 


Tests to determine whether small 
or large pellets are more efficient in 
rock failure showed no significant 
trend, other than that, in general, 
about 80 per cent of the pellet kin- 
etic energy served to crush rock. Ex- 
periments with single pellet impacts 


compared to multiple impacts were 
inconclusive. 


OVER-ALL ENERGY TRANSFER 


In summary, an analysis of the 
over-all energy transfer in the pellet 
drilling method using pellet bits con- 
ceived thus far indicates the follow- 
ing power distribution. Under pres- 
ent operating practices, about half 
of the surface hydraulic power is 
lost in pumping fluid down the drill 
pipe and up the annulus. Of the 
power available at the bit, about 65 
per cent is dissipated in fluid fric- 
tion by the jet pump in the fluid 
pumping process. Of the remaining” 
35 per cent available to do useful 
work, some 32 per cent appears to 
be dissipated by the fluid in acceler- 
ating, circulating, and suspending 
the pellets. The pellets apparently 
transmit essentially all of the remain- 
ing 3 per cent of the primary nozzle 
power to the formation. 


OTHER FUNDAMENTAL WORK 


Other fundamental work was done 
to ascertain the distribution of pel- 
lets in the aspirator and hole-bottom 
regions, the pellet and fluid velocities 
in the aspirator region, the velocity 
of pellets on impact at the rock face, 
the mechanism of rock failure under 
pellet impact action, and the use of 
air as a motive fluid. While in some 
cases this work was not extensive 
enough to be conclusive, it did yield 
interesting and fundamental infor- 
mation. However, since this work 
resulted in no definite change in the 
concept of pellet drilling or bit de- 
sign, it will not be discussed in this 


paper. 


DESIGN AND TESTING OF 
PELLET BIT TO DRILL 
9-IN. DIAMETER HOLE 


Because of the necessity of a real- 
istic evaluation of the possibilities of 
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the pellet drilling method, two 9-in. 
pellet bits were designed, manufac- 
tured, and tested. 


HYDRAULIC ANALYSIS 


The first step in the full-scale de- 
sign program was a thorough hy- 
draulic analysis to determine the pri- 
mary nozzle size and flow rate re-- 
quired to deliver maximum fluid 
horsepower to the bit at any given 
depth. This work was based on data 
published by the Hughes Tool Co.’ 
and resulted in plots such as that 
shown in Fig. 10. This one plot con- 
tains the variables of hole depth, 
pressure drop across the bit, circula- 
tion pressure exclusive of bit pres- 
sure drop, flow rate, primary nozzle 
diameter, fluid horsepower available 
at the bit, and surface fluid horse- 
power required. Plots of this sort 
were made for surface pump pres- 
sures ranging from 900 to 2,100 psi 
and for drilling fluids ranging from 
water to 10 lb mud. 

For instance, study of Fig. 10 will 
show that 240 fluid hp (Point A) is 
the maximum power that can be de- 
livered at a depth of 6,250 ft in a 
9-in. hole using 4% in. drill pipe, 
10-lb mud and 1,500 psi surface 
pressure. Furthermore, Fig. 10 
shows that a 0.719 in. diameter pri- 
mary nozzle and a flow rate of about 
420 gpm are required to deliver this 
maximum power. Any other nozzle- 
flow rate combination will reduce 
the available power at this depth. 


DESIGN AND CONSTRUCTION 


The design and construction of 
the 9-in. bit were based on knowl- 
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edge gained from fundamental 
studies, empirical testing of small- 
scale bits, and the down-hole hy- 
draulic analysis. Fig. 11 shows an 
assembly drawing of the finished bit 
with its top sub. Two bits were man- 
ufactured with 3% and 4-in. internal 
secondary nozzle diameters, respec- 
tively. Eleven primary nozzle assem- 
blies were manufactured, giving a 
range of primary nozzle sizes from 
% to 15/16 in. in increments of 
1/32 in. 

The bits were designed to be as 
strong as 4% in. drill pipe. The 
weakest point in the bits was inten- 
tionally designed into the feet, which 
were somewhat weaker than the drill 
pipe. Tests of combined loadings of 
40,000 lb weight and 5,000 ft-lb 
of torque did not cause failure of the 
bit feet. 

The bit was made of SAE 4340 
steel and heat treated to a hardness 
of about 36-40 Rockwell C (160,000 
psi tensile yield). The primary nozzle 
assemblies were made of a case-hard- 
ened approach tube brazed to a tung- 
sten carbide primary nozzle. The pel- 
lets used were rough ball bearing 
forgings made from SAE 52100 steel 
heat-treated to a hardness of 50-53 
Rockwell C. The gauge surfaces of 
the bit feet were surfaced with hard 
facing rod. 


TESTING OF 9-IN. PELLET BIT 


The 9-in. bit was given both view- 
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ing chamber and drilling tests in the 
laboratory. The total time of bit op- 
eration in both the viewing and drill- 
ing chambers was 16%4 hours. Dur- 
ing the drilling tests a total of 53 ft 
of hole was drilled. 

The viewing chamber tests showed 
that the bit design and pellet size 
gave the desired pellet circulation, 
and high speed motion picture 
studies made at 3,000 frames per 
second showed no congestion at the 
aspirator section that would reduce 
pellet rates. Since the pellet detector 
instrumentation had a small bore 
secondary nozzle, it could not be 
used in conjunction with the full- 
scale bit. High speed motion pictures 
furnished the only available guide 
in estimating the pellet rate of the 
9-in. bit. 

Table 2 shows the conditions of 
the drilling tests and Table 3 shows 
the generalized results of the drilling 
tests made with optimum operating 
conditions. 

Later comparisons showed that 
Oklahoma marble, the softest rock 
used in tests of the full scale bit, 
drilled one-third as fast as Bedford 
Indiana limestone, the rock used dur- 
ing development work on the smaller 
bit sizes. 

The only excessive wear observed 
during these tests occurred on the 
hard-faced gauge surfaces of the bit 
feet during 3.5 hours of drilling in 
pink quartzite (very hard and abra- 
sive rock). In some spots the hard 
facing was worn completely off. The 
pellets stood up very well; only three 
pellets fractured during the entire 
full-scale testing program. Pellet 
wear was extremely low, and was 
noticeable only in the pink quartzite, 
where 140 lb of pellets lost 2.5 1b 
of steel during the 3.5 hour drilling 
period. The usual amount of cold 
working of the bit feet interior and 
secondary nozzle entry was observed, 
but this was extremely minor and 
would have no effect on the opera- 
tion of the bit. 
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Fic. 11.—AssEMBLY DRAWING OF 
9-IN PELLET BiT WITH ITs Top 


CONCLUSIONS 


An effort by Carter Research to 
reduce drilling costs has evolved a 
drilling concept basically different 


TABLE 3 — RESULTS OF 9” BIT DRILLING TESTS 


Avg Depth Avg 
Hole Diameter Drilled Drilling 


Rock Min Max Per Test Rate 
Oklahoma Marble 934 in. 11Y2in. 2 ft 7.5 ft/hr 
(soft rock) 
Virginia 
Limestone 93/4, in. 10 in. 1.5 ft 4 ft/hr 
(medium rock) 
Pink Quartzite 97%gin. ft 0.5 ft/hr 


(hard rock) 


TABLE 2 — CONDITIONS FOR DRILLING TESTS OF 9” BIT 


Hole ID in Pellet 
Settling area 

Torque Required by Bit 

Weight on Bit 

Rpm 


9 2/16 in. 


333 ft-lb 
2,500 Ib or less 
20 


Primary Nozzle ID 0.870 in 
Secondary Nozzle ID 3.5 in 
R — Ratio 0.062 
Fluid Water 
Recycle Ratio (estimated) 3.6 
Standpipe Pressure 720-760 psi 
Back Pressure 25-35 psi 
Pressure Drop Across 

Primary Nozzle 555-595 psi 
Flow Rate 520 gpm 
Fluid Horsepower at Bit 168-182 hp 
Pellet Size 1% in. dia 
Pellet Charge 140-190 Ib 
Ratio: Pellet Dia/sec 

Nozzle ID 0.358 


Caiculated pellet suspension 


velocities: 
For single pellet in water 7.5 ft/sec 
For charge of pellets in water 3.65 ft/sec 
Estimated Fluid Velocities: 
Secondary Nozzle Discharge 79 ft/sec 
Upward alongside secondary 
nozzle 18 ft/sec 
Upward alongside primary 
nozzle 3.7 ft/sec 
Upward alongside bit stem 3.12 ft/sec 
Estimated Pellet Rate: 140 p/sec 
Estimated Mass-Rate of Steel 40.2 Ibs/sec 
Estimated Pellet Velocity 75 ft/sec 
Estimated Power Available in 
Pellets 6.5 hp 


PETROLEUM TRANSACTIONS, AIME 


| 
| 
T TT 
| 
—ORILL PIPE 
||| 
| | | 
| | 
| il 
| 
AN Ss SS 
WL P 
section A~A 
Hil 
| — 4) XF-TOOL 
JOINT 
( 
4 KS 
\ 
-| { | section B-B 
| 
| 
| 
| 
Ny | 
| section C—C | 
re | 
7-24" | 
i 
| 
view D-D 
| 
| 
/ \ | 
200 
N 
| 1000 PX 4 : 
< 
700 5 S200 E> 800 
5000 6000 7000 3000” | 
pT | 
| 
| 


from rotary drilling. Experiments 
have established that the high ve- 
locity impact of pellets causes appre- 
ciable rock failure. The conclusions 
from the extensive amount of inter- 
related fundamental and experi- 
mental work are too lengthy to sum- 
marize in detail. However, the appli- 
cation of this information has pro- 
duced pellet bit designs and operat- 
ing techniques that permit actual 
penetration of earth formations at 
appreciable rates, thus demonstrat- 
ing that the principle of drilling by 
pellet impact is sound. As in all 
strictly new principles, further work 
can be done to fully define its poten- 
tial in the industry. 
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The authors and their associates 
are certainly to be complimented 
for this information regarding the 
extensive laboratory and drilling tests 
of the pellet impact method of drill- 
ing. Truly one of the greatest prob- 
lems facing the petroleum industry 
today is discovery of methods where- 
by we can decrease the cost of pene- 
trating the earth’s crust in our never 
ending search for liquid hydrocar- 
bons. 


The prospect of greatly improving 
our present drilling method in order 
that a major drilling price decrease 
could be obtained is very doubtful. 
Therefore, in view of the results and 
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DISCUSSION 


R. W, TRUE 


information presented in this paper, 
we would encourage the authors to 
further their work in fully evaluating 
this revolutionary type of drilling. 


The authors state the critical ratio 
of pellet to nozzle diameter must 
fall below .5 due to the jamming of 
the pellets in the nozzle bore. As ob- 
served in Table 1, the greatest ratio 
tested was .428. This factor in itself 
places a limit on the percentage of 
horsepower available for accelerat- 
ing the pellet through the secondary 
nozzle. If this critical phase could be 
overcome whereby a closer toler- 
ance could be accepted, greater 
horsepower distribution to the pellets 


ance in the manufacture of the full- 
scale prototype bits. 
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could be accomplished. Would it not 
be possible to overcome this situa- 
tion by regulating the pellet flow into 
the nozzle entrance by some means 
rather than for them to enter the 
nozzle bore at random? By regulat- 
ing the pellets in such a way, a 
closer nozzle/pellet diameter ratio 
might be permissible without further 
pellet blocks being set up. 


To me, the true value of this 
paper lies in the fact that continued 
extensive research is being carried on 
in order that new methods can be 
added to the driller’s tools he now 
possesses to increase his efficiency in 
his search for additional petroleum 
reservoirs. 


AUTHORS’ REPLY TO R. W. TRUE 


R. W. True’s observation on the 
control of pellet-nozzle ratio for im- 
proved energy transfer is quite 
sound. Extended efforts by the au- 
thors and their associates to improve 
pellet recycling by imposing con- 
trolled instead of random action 
were generally unsuccessful. Analy- 
sis of the physical situation and of 
experimental data showed that con- 
trollers designed to direct pellet ac- 
tion also, and of necessity, restricted 
fluid action. Since the pellet power 
(potential drilling power) is depend- 
ent both on the mass rate of steel 
and pellet velocity, devices designed 


10 


deliberately to increase pellet rate in- 
variably decreased the fluid quantity 
aspirated into the secondary nozzle. 
This was caused by the large fluid 
pressure difference across the mass 
of pellets stacked at the entry to the 
secondary nozzle. With a constant 
amount of motive fluid, this decrease 
of aspirated fluid resulted in de- 
creases in secondary nozzle fluid, 
and hence, pellet, velocity. A most 
critical fundamental design feature 
of the pellet bit is the attainment and 
maintenance of optimum pellet dis- 
tribution at the entry to the second- 
ary nozzle, so that the available pres- 


sure differential may accelerate the 
optimum number of pellets consist- 
ent with the fluid velocity. In a 
rather rough analogy, the pellet mass 
acts as a continuously replenishable 
check valve, restricting the flow of 
recycled fluid, the volume of which 
must in turn contribute to the term- 
inal pellet velocity in the secondary 
nozzle. 

In conclusion, the authors should 
like to thank True for his comments 
and observations concerning the po- 
tentialities of pellet impact drilling 
and for his encouragement for fu- 
ture research. 
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This report develops equations for decline curve 
analysis based upon the premise that the rate of change 
of the reciprocal of decline for succeeding time inter- 
vals is constant when the reservoir is produced under a 
fixed set of conditions. A method is shown for predict- 
ing maximum production rate against cumulative pro- 
duction for any reservoir. A method is also presented 
for predicting future production rate by an analysis of 
past production performance after decline has been es- 
tablished. 

INTRODUCTION 

No significant contribution to the analysis of decline 
curves by the loss-ratio method has been made since 
J. J. Arps’ paper’. The concept of loss-ratio that was 
developed by Arps and his contemporaries has been re- 
defined in another way and the concept of instantaneous 
loss-ratio at time zero has been added. In the mathe- 
matical development by Arps, production rate was re- 
lated as a continuous function with time and his equa- 
tions were developed on that basis. In this paper, pro- 
duction is considered to be a series of segments for 
equal time intervals and equations have been developed 
based upon these finite differences. 

It is realized that decline curve analysis is not the 
answer to all predictions of reservoir behavior. How- 
ever, as production must decline from an initial maxi- 
mum rate to zero in any reservoir, if such decline can 
be expressed as an infinite series, this series should ac- 
curately predict production. Decline curve analysis 
should be considered a valuable tool that may be used 
in conjunction with predictions of future recoveries by 
other methods. Various uses of the decline curve meth- 
od will be discussed in this paper. Equations predicting 
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production rate at any time and cumulative production 
by exponential and hyperbolic decline will be devel- 
oped. Characteristic values of b related to various types 
of drive will be discussed. After that a hypothetical 
reservoir will be studied and ultimate recovery by nat- 
ural depletion and pressure maintenance compared, 
then actual field examples will be shown and discussed. 

The rate-cumulative curve introduced by H. N. 
Marsh’ in 1928 is an important one for use in esti- 
mating future production rate and ultimate recovery. 
This graphical method is the one that is used in con- 
junction with the equations to be developed for predict- 
ing production behavior. 


In exponential decline each succeeding production 
rate per unit of time is a constant percentage of the 
production rate just before it. Since (1 — r) is the com- 
mon ratio, where r is the constant decline rate, this con- 
dition may be expressed as a geometrical progression; 
thus 

Where r is less than unity, 

P,(1 =r)" 
if 

Since 


C= 


(2) 


LOSS-RATIO 


In this paper the calculation for loss-ratio has been 
changed from the method presented by Johnson and 
Bollens’. The first loss-ratio to be calculated is a,; it is 
the initial production per unit of time after decline has 
set in divided by the difference between the initial and 
the second production rate. This loss-ratio is for the 
first time interval. After b (which is the constant change 


in loss-ratio per unit of time) has been established, a, 
will be determined by subtracting b from a,; a, is the 
reciprocal of the instantaneous rate of decline at time 
zero. Table 1 should make the above explanation clear. 

It is the opinion of the author that decline curves 
for most reservoirs producing under a given set of con- 
ditions will have a constant b. This factor will vary 
between one and zero and will be constant for that 
reservoir when it is operating under a fixed set of condi- 
tions at maximum rates of production. 


DLS CUS STON OF FAC 


At this point it is well to discuss the factor b. Since 
in exponential decline the reciprocal of r is constant, 
it follows that b equals zero. On a rate-cumulative 
plot the exponential decline curve is a straight line. For 
hyperbolic decline, which assumes b to be constant, 
b has limits, O < b < 1, and on a rate-cumulative plot 
the curve is concave upward (see Fig. 1). On this graph 
it was assumed that the maximum initial rate was 1,000 
units per unit time for all values of b. The actual initial 
rate was taken to be 650 units per unit time. This initial 
rate of 650 units will be maintained for each value of b 
until the dotted line at 650 units intersects the rate- 
cumulative plot for that particular value of b. For ex- 
ample, when b is equal to 0.75, approximately 1,825 
units can be produced before the production begins to 
decline. As b approaches zero, for the same initial 
maximum production rate and same ultimate recovery, 
a greater and greater amount of oil can be produced 
before a decline sets in. When b is equal to zero, ap- 
proximately 4,150 units can be produced at 650 units 
per unit time. For the same ultimate recovery and same 
initial rate, the least time for recovery will be when b 
equals zero. The closer } is to 1, the greater the time 
needed to produce the same ultimate recovery. This is 
shown clearly on Fig. 2. The data used for these curves 
are the same as those used for Fig. 1. It was assumed 
in Fig. 2 that the ultimate recovery and initial rate per 
unit time are the same for b equals 0, 0.25, 0.50, and 
0.75. For example, at the end of 40 units of time, about 
99 per cent of the ultimate recovery has been pro- 
duced for b equals zero while only about 57 per cent 
of the ultimate recovery has been produced for the 
same time when b equals 0.75. It is true that if the 
reservoir is produced to 1 unit per unit time, eventually 
the same ultimate recovery will be obtained for all 
values of b; however, the closer b is to 1 the longer the 
time needed to produce all the units. 


DISCUS O-F R.A 
VES PLO ES 


A rate-cumulative plot is a series of segments for 
equal time intervals including on both axes the produc- 
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tion for that period of time. Fig. 3 shows this graphic- 
ally. There are three methods for making a rate-cumu- 
lative plot. In the first method the production per unit 
of time is related to the cumulative production at the 
end of the period, as is shown in Fig. 3 in the upper 
dotted curve marked (1). The advantage of using this 
plot is that it is easier to take data directly from actual 
production history. Because of the ease of plotting, this 
method is the one used on the accompanying rate-cumu- 
lative graphs, in which actual production data have been 
plotted. Another method for plotting a rate-cumulative 
curve is to relate the production per unit of time to the 
cumulative production existing at the beginning of the 
period. This is shown in the dotted line on Fig. 3 
marked (2). Third, if it is desired to plot a curve show- 
ing the best approximation of instantaneous rate versus 
cumulative production at any time, it will be necessary 
to connect the midpoints of the segments. This is shown 
in the dotted line on Fig. 3 marked (3). Since the 
equations developed in this paper are based upon finite 
differences in production rather than making rate a con- 
tinuous function with time, the third method described 
will not be considered. The lines obtained by all three 
methods converge at ultimate recovery. It is empha- 
sized that production for equal units of time must be 
used in decline curve analysis. 


EQUATIONS 


In hyperbolic decline the reciprocal of the rate of 
decline for each succeeding quantity of production per 
unit time increases by a constant factor called b. As 
is shown in Table 1, a, cannot be calculated from ac- 
tual production history but is equal to a, — b. The fol- 
lowing definitions are used to develop an equation for 
cumulative production using a summation of produc- 
tion quantities for equal time intervals. 


TABLE 1 
F Production Rate of Reciprocal 
Time Per Unit Decline of r 
Interval Time ar) (r) (a) 
2.0 
1 10,000 0.6000 0.4000 25 0.5 
2 6,000 0.6667 0.3333 3.0 0.5 
3 4,000 0.7143 0.2857 geo 0.5 
4 2,857 0.7500 0.2500 4.0 
5 2,142 
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Substituting Eq. 4 and ‘into Eq. we 


— P, — a, Py (a, — a, Py 


="(a, P; + + (— a, +a, P;) + bP, 


Therefore, 


Eq. 6 is considered the basic equation for decline 
curve anaylsis as developed by the author. 
HYPERBOLIC DECINE EQUATIONS 
DERIVED FROM EQ. 6 
It will be noted that when 5 equals O, a, = a, = 1/r, 
Eq. 6 becomes: 


r 
when P,+, = 0, C = Oso, 
7 
(7) 
Pr 
Letting = x and 1 = 


If it is assumed that when ultimate recovery is 
obtained, P,+, equals zero and if Q equals the re- 
covery left from and including P,, and P, and P, are the 
production for two equal, successive time intervals when 
the reservoir is producing at maximum rates, then: 


Q 
= 
009) 
a = (5 (5 — ) 


When a series of equal time intervals are taken with 
P, the initial rate and P,+, the last rate with C as the 
cumulative production from P, to P, inclusive, then: 


Q 
) 
P ay Q — nP, P.. 
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P; bn 


If k and n are two different numbers of equal time 
intervals, then: 


] 

n 


SUMMARY OF CHARACTERISTIC b VALUES 


An approach which uses a decline curve method is 
based upon the assumption that the reservoir must be 
produced at maximum rates. However, a little considera- 
tion given to this problem will indicate to the reader 
that in the case of 100 per cent effective water drive, if 
the wells are flowed at MER and the size of choke in 
each well remains unchanged for the period of produc- 
tion life in which decline has been established, the rate- 
cumulative plot will still follow the curve b equals zero. 
It is the opinion of the author that even in solution gas 
drive reservoirs, if the choke size of the wells remain 
unchanged, the decline that is established will have the 
same 6b factor as that calculated for solution gas drive 
using maximum rates. Careful consideration, however, 
must be given to the fact that choke size in wells might 
have been changed during the time the decline has been 
established. If they have, the b factor that is calculatd 
will not be the same as that calculated for maximum 
rates. This is also assuming that no methods have been 
used during the time decline has been established to 
improve existing wellbore permeabilities. Such improve- 
ments that have been made must be taken into consid- 
eration. 


With the above in mind, the author presents a list of 
ranges for b under various types of drive. These values 
should not be considered as absolute; however, it is be- 
lieved that b will be constant when the reservoir is pro- 
duced under fixed conditions. Even in solution-gas drive 
reservoirs there will be some gravity drainage and per- 
haps a limited water drive, so actual conditions make 
it impossible to determine one specific b factor for all 
reservoirs of a given type. The table below shows the 
general ranges for 5 that exist under various types of 
drive. 


PRESSURE MAINTENANCE 
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Fic. 4— HypoTHETICAL EXAMPLE COMPARISON OF 
PRESSURE MAINTENANCE TO NATURAL DEPLETION. 
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RANGES FOR b 


Gravity Drainage 3 0 to 0.40 
Pressure Maintenance by Gas_ . 0.20 to 0.50 
Pressure Maintenance by Water 0 to 0.20 


HYPOTHETICAL EXAMPLE 


In order to demonstrate the use of decline curve anal- 
ysis for predicting reservoir behavior on a reservoir that 
has not been produced long enough to establish a de- 
cline rate, the following example is presented. In this 
hypothetical case it is assumed that a reservoir had been 
produced which by volumetric and materials balance 
calculations had 50 million bbl of stock-tank oil origi- 
nally in place. It was established that there was no water 
drive and no original gas cap. All of the wells produc- 
ing from this reservoir were examined and it was esti- 
mated a maximum of 400,000 bbl per month could be 
produced initially. It was determined that 20 per cent of 
the total oil in place could be produced ultimately by 
natural depletion and 40 per cent of the original oil in 
place could ultimately be produced if the reservoir pres- 
sure were maintained by gas injection. The problems 
are: (1) what are the time-rates of recovery by natural 
depletion and pressure maintenance and how do they 
compare, (2) how long will it be possible to produce at 
a sustained rate of 5,000 B/D before decline sets in. 

It was assumed that b equals 0.5 for natural depletion 
since this reservoir would be produced in an efficient 
manner. A similar value of b equals 0.5 was used for 
pressure maintenance so that the comparison with nat- 
ural depletion would be on a conservative basis. 


Ultimate recovery in this paper is defined as the total 
amount of oil recovered when the reservoir rate has 
decreased to zero. Obviously cost factors of production 
would make this impossible to achieve. The economic 
ultimate recovery of any reservoir after capital equip- 
ment has been installed is when the direct or variable 
cost of producing one barrel of oil is equal to the price 
received by selling that barrel. This minimum produc- 
tion rate will consequently vary for each reservoir de- 
pending upon the factors of cost. It is possible for two 
identical reservoirs produced at different times, places 
and depths to have different economic ultimate recov- 
eries yet both have the same total ultimate recovery if 
costs were not taken into account. It is for this reason 
that ultimate recovery has been defined as total produc- 
ible oil. It is the obligation of the engineer to decide 
from cost data to what minimum rate the reservoir can 
be produced. 

Under natural depletion (see Tables 2 and 3) in 15 
years the yearly production rate will have dropped to 
74,000 bbl and 8,832,000 bbl of oil will have been pro- 
duced. Under pressure maintenance (see Tables 4 and 
5) in 15 years the production rate will have dropped to 
230,000 bbl per year and 15,508,000 bbl will have been 
produced. 


The calculations for Tables 2, 3, 4 and 5 were made 
as follows: It was assumed that the production rate 
would be zero when 10 million and 20 million bbl were 
produced by natural depletion and pressure maintenance 
respectively. Since P,,+, will be zero, 


P, a, 
C= 
Because it was assumed that b equals 0.5 in both 
cases, 


It might be pointed out that b is a constant factor 
regardless of the length of time given each time interval 
as long as each time interval is equal. Therefore, if P; 
is barrels produced per year, a, is on a yearly basis. By 
the same token if P, is barrels per month, a, is on a 
monthly basis. Table 2 and 4 are the calculations of 
production for the first year by natural depletion and 
pressure maintenance respectively. The first year’s pro- 
duction was then used to start out the calculations in 
Tables 3 and 5. 

The comparison of natural depletion to pressure main- 
tenance is shown on the rate-cumulative plot in Fig. 4. 
If under proration the reservoir were produced at an 
average rate of 5,000 B/D, 4.8 million bbl of oil would 
be produced from the reservoir under natural depletion 
before a decline would set in. The reservoir would be 
capable of producing at a sustained rate of 5,000 B/D 
for 2.6 years. If the pressure maintenance project were 
installed, and the reservoir were still produced on an 
initial rate of 5,000 B/D, it would be possible to pro- 
duce at this rate for 4.7 years, taking out 8.6 million 
bbl before the production rate would decline. 


FIELD EXAMPLE — RESERVOIR A 


Reservoir A ultimately had 10 wells drilled in it. The 
initial productivity of these wells was such that each was 
capable initially of producing about 1,000 B/D. The 
wells have been flowed at maximum rates. On Fig. 5 
(which is a rate-cumulative plot of oil production prior 
to gas injection) a curve was drawn from the estimated 
initial maximum production of 300,000 bbl per month 
to the last point on the curve. P, is taken to be the pro- 
duction point of 195.1M bbl per month. P, was deter- 
mined by following the rate-cumulative curve to that 
point where P, added to the cumulative production at 
point P, is equal to the cumulative production shown on 


TABLE 2 — NATURAL DEPLETION 
CALCULATING FIRST YEARS MAXIMUM PRODUCTION 


Ultimate Recovery X (1 — b) 10,000,000 x (1 — .5) 


ao = = = 
< Initial Monthly Rate 400,000 we 
Monthly 
Rate 
Month (M bbls) a r 1l=r 
1 400 13.0 0769 -9231 
2 369 1325 0741 -9259 
3 342 14.0 0714 -9286 
4 318 14.5 0690 -9310 
5 296 15.0 0667 -9333 
6 276 ieee) 0645 -9355 
7 258 16.0 0625 .9375 
8 242 16.5 0606 -9394 
9 227 17.0 0588 -9412 
10 214 0571 -9429 
11 202 18.0 0556 9444 
12 191 T8235: 0541 -9459 
3,305 


TABLE 3 — NATURAL DEPLETION 
CALCULATING YEARLY PRODUCTION (MAXIMUM) 


__ Ultimate Recovery < (1 — b) _ 10,000,000 x (1 —.5) 


do = 
nitial Yearly Rate 3,335,000 
Yearly Prod. Cum. Prod. 
Years (M bbls) (M bbls) a r Le 
,335 2.0 5000 -50 

2 1,668 5,003 25 4000 “3000 
3 1,001 6,004 3.0 Sac3 -6667 
4 667 6,671 2857 
5 476 7,147 4.0 2500 -7500 
6 357 7,504 ae5 2222 .7778 
7 278 7,782 5.0 2000 -8000 
8 222 8,004 5.5 1818 .8182 
9 182 8,186 6.0 1667 .8333 
10 152 8,338 6.5 1538 .8462 
11 129 8,467 7.0 1429 -8571 
12 111 8,578 Tee 1333 .8667 
13 96 8,674 8.0 1250 .8750 
14 84 8,758 8.5 1176 .8824 
15 74 8,832 9.0 1111 .8889 
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TABLE 4 — BY PRESSURE MAINTENANCE 
CALCULATING FIRST YEAR’S PRODUCTION (MAXIMUM) 


20,000,000 x .5 


= 25.0 
Monthly Rate 
25.5 -0392 -9608 
2 384 26.0 .0385 -9615 
3 369 26.5 .0377 -9623 
4 355 27.0 .0370 -9630 
5 342 275 .0364 
) 330 28.0 .0357 -9643 
7 318 28.5 -0351 
8 307 29.0 .0344 -9656 
9 296 29.5 -0339 -9661 
10 286 30.0 -0333 -9667 
11 276 30.5 -0328 -9672 
12 267 31.0 -0323 -9677 
3,930 


TABLE 5 — BY PRESSURE MAINTENANCE 


CALCULATING YEARLY PRODUCTION (MAXIMUM) aa 


20,000,000 x .5 


0 3,930,000 = 2.54 assume 2.50 
Yearly Prod. Cum. Prod. 

Years (M bbls) (M bbls) a r =r 
1 3,930 3,930 3.0 3333 -6667 
2 2,620 6,550 3:5 2857 7143 
3 1,871 8,421 4.0 2500 .7500 
4 1,403 9,824 4.5 2222 .7778 
5 1,091 10,915 5.0 2000 .8000 
6 873 11,788 5.5 1818 .8182 
7 714 12,502 6.0 1667 -8333 
8 595 13,097 6.5 1538 -8462 
9 503 13,600 7.0 1429 .8571 

10° 431 14,031 75 1333 .8667 
11 374 14,405 8.0 1250 .8750 
12 327 14,732 8.5 1176 .8824 
13 289 15,021 9.0 1111 .8889 
14 257 15,278 9.5 1053 -8947 
15 230 15,508 10.0 1000 -9000 


the curve for P,. a, was calculated using P, and P,. On 
Fig. 6 the points from C to D were used to calculate b. 
These data are shown in Table 6. Using this information 
the entire curve was plotted as shown in Fig. 6. 


It is of interest to note that the amount of oil to be 
attributed to gas injection has been calculated by the 
decline curve to be 191,000 bbl. This figure is in line 
with an estimate made by a previous reservoir engineer- 
ing study. 


FIELD EXAMPLE — RESERVOIR B 


In this reservoir the maximum rate attained was 
264.2 M bbl per month after 965.7 M bbl had been pro- 
duced. A reservoir study was made and it was estimated 
that the ultimate recovery would be 11 million bbl of 
oil. By taking the two productions per month with 264.2 
M bbl as P, and 239.4 M bbl per month as P, and sub- 
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CUMULATIVE PRODUCTION IN MILLIONS OF BARRELS 
Fic. 5 — REsERvoIR A RATE CUMULATIVE PLOT USED 
FOR DETERMINING A. 
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TABLE 6 — NATURAL DEPLETION, RESERVOIR A (DETERMINATION | 
OF CONSTANTS) 
Determining a1 from Graph IV 
Assume Dec., 1948 is Pi then Pi = 195,100 bbls and the cumulative pro- 
duction to end of Pi is 698,700 bbls. 
The next point P2 on the curve is that point Pz, (698,700 + Po). 
170,000 B/M is 840,000 bbls cumulative 
160,000 B/M is 900,000 bbls cumulative 


or 
698,700 + X) = 900,000 — 6x 
pe 000 — 858,700 = 41,300 


,900 
= (160, 000 "5,900) or 165.9 M bbl 
195.1 
= 


The Interval C to D was used to determine b 


Py; = 195.1 M bb!l/month x= Cine = .1104 © 
Pn+1 = 59.8 M bbl/month 
Pn+i 
y 631 
a1 = 6.68 
C = 1,225.2 M bbl b= ae = .744, use .74 


tracting 965.7 M bbl from 11 million bbl for the ulti- 
mate recovery that was left to be produced including P,, 
Eq. 6 was used and 5b calculated to be 0.74. a, was cal- 
culated from Eq. 7 and equals 9.92. With these data the 
decline curve was plotted as shown in Fig. 7. It will be 
observed that this curve follows quite closely the actual 
production data. 


“CONCLUSION 


A mathematical approach by infinite series has been 
developed with the basic assumption that rate of change 
of the reciprocal of decline for succeeding equal time 
periods is constant if the reservoir is produced under 
a fixed set of conditions. If this assumption is valid, the 
derived equation relating the four factors (ultimate re- 
covery to zero production rate, initial production rate 
per unit time, b and a,) is true. 


If the ultimate recovery and maximum initial produc- 
tion rate are known and 5 is estimated for the different 
types of recovery mechanism, a, can be calculated for 
each. It will then be possible to compare what the reser- 
voir would do under each recovery mechanism with re- 
spect to rate of production, time and cumulative produc- 
tion. 

The basic developed equation is: 
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Fic. 7— RESERVOIR B RATE CUMULATIVE CURVE 
SHOWING How ACTUAL PRODUCTION COMPARES TO 
DECLINE CURVE ANALYSIS. 

PROJECT. 


When 5b equals zero, Eq. 6 becomes the same as Eq. 
2. When b equals 1, it is impossible to solve for C by 
Eq. 6; therefore, according to Eq. 6, b has limits, 0 < 

In the case of a reservoir that has been produced until 
a definite decline in rate has been established and con- 
tinues to be produced at maximum rates after decline 
has set in, the production data during decline may be 
used to calculate ultimate recovery, b and a,. Since b is 
considered to be constant, a rate-cumulative plot for 
future production can be drawn. If the reservoir con- 
tinues to be produced at maximum rates, production rate 
versus time and cumulative production versus time 
curves can be drawn. 


SYMBOLS 


P, = Initial production in barrels during first time 
period 

P, = Production in barrels during any one of a 
constant series of time intervals which are 
equal in length to the original time pe- 
riod f. 
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n = Number of equal time intervals from the be- 
ginning of initial production to the end of 
that time for P,. 

C = Cumulative production in barrels from the 
beginning of initial production to the end 
of the P,, interval. 

r, = Instantaneous decline rate at time o. 

r, = Decline rate for time interval 1. 

r, = Decline rate for time interval n. 

Ay, G,, 4, = Reciprocal of rate of decline or loss-ratio. 

b = Constant difference between successive loss- 


ratio. 
=1- 


QO = Ultimate recovery in barrels left to be pro- 
duced at the beginning of time interval in 
which P, bbl were produced. 
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SIMULTANEOUS FLOW of LIQUID and GAS 
through HORIZONTAL PIPE 


ABS PRACT 


A method is presented for predict- 
ing pressure drop for two-phase fluid 
flow in horizontal pipes. 

A set of 267 experimental meas- 
urements randomly sampled from ap- 
proximately 1,000 measurements 
from various literature sources was 
used. Pressure gradients calculated 
by the procedure developed and 
compared with the experimental 
values showed a bias of +0.82 per 
cent and a standard deviation of 20.8 
per cent. 


The advantages of this method 
over other available methods of pre- 
dicting two-phase flow pressure drop 
are (a) its comparative simplicity of 
application, (b) its relative indepen- 
dence of flow patterns, (c) its accur- 
acy, which on the basis of a statis- 

_tical evaluation predicts pressure 
drop closer than other available 
methods, and, (d) its ability to satis- 
factorily correlate laboratory data 
from various sources while the cor- 
relations from these sources do not 
appear to agree with one another. 
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Denver, Colo. 
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The method has been reduced to a 
simplified graphical procedure, suit- 
able for field use. 

A two-phase f factor is defined 
and correlated with parameters in- 
volving the flowing gas-liquid mass 
ratio, a Reynolds number for the gas 
phase, and a Reynolds number for 
the liquid phase. The choice of 
parameters allows the correlation to 
reduce to the usual f factor plot for 
the limiting conditions of all gas 
or all liquid. 


INTRODUCTION 


The mechanics and characteristics 
of two-phase flow systems have been 
of interest throughout the industry 
for some time. In numerous engi- 
neering installations such as pipe 
lines, chemical reactors, and heat ex- 
changers, two-phase flow conditions 
are of every day occurrence. In oil 
production operations it has been de- 
sirable, in some cases, to consider 
transporting gas and oil together in 
a common pipe from oil field to 
process plant. The trend toward cen- 
trally located stock tank batteries in 
oil fields has resulted in longer gath- 
ering pipelines in which more than 
one fluid phase is flowing. The in- 
crease in the producing capacity of 
oil wells due to new production tech- 


PHILLIPS PETROLEUM CO. 
BARTLESVILLE, OKLA. 


niques has created the need for re- 
view and re-design of many surface 
gathering lines for properly handling 
the increased production. Optimum 
pipe size for the situations described 
above has become an important fac- 
tors 

The problem which is of interest 
here involves the ability to predict 
the relationship between pressure 
drop, fluid properties, fluid rates, 
pipe diameter, and pipe length. 

Although the 
contains various articles dealing with 
specific cases of the problem, Lock- 
hart and Martinelli” proposed the 
most general solution. Their method 
has been later modified by Baker’. 
Alves’ demonstrated that different 
flow patterns are possible for a flow 
mechanism defined by Martinelli 
such as gas turbulent, liquid turbu- 
lent. Baker’ explained deviations ex- 
perienced with Martinelli’s correla- 
tions on the basis that different flow 
patterns could exist for the same flow 
mechanism. Using Martinelli’s meth- 
od of correlation, Baker correlated 
data for each flow pattern for the 
turbulent-turbulent flow mechanism. 


Bergelin and Gazley"‘ presented 
a correlation for predicting gas phase 


References given at end of paper. 
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pressure drop for stratified and annu- 
lar flow patterns. 

Schneider” presented a method of 
correlating two-phase pressure drop 
which appears limited to the flow 
conditions covered by his data. 


The purpose of this study was to 
apply the concept of a two-phase f 
factor, which may be called the en- 
ergy dissipation function, in an at- 
tempt to correlate horizontal flow 
data. This concept has been success- 
fully employed in correlating multi- 
phase flow in vertical strings” and 
has been used for predicting pressure 
drop for the flow of a flashing mix- 
ture of steam and water in pipes.” ” 
Another objective was to eliminate 
the necessity of establishing a flow 
pattern for predicting pressure drop, 
since the same fundamental variables 
that determine flow pattern should 
also determine pressure drop. Fin- 
ally, and probably foremost, upon 
attaining some degree of success in 
the first two objectives, it was desired 
to present the results of the correla- 
tion in such a manner to be useful to 
the practicing field engineer. 


ANALYSIS AND SOLUTION 
OF THE PROBELM 


The general problem of predicting 
the pressure drop in a multiphase 
flow system is a very complicated 
one. One of the main difficulties is 
due to the fact that numerous flow 
patterns of widely different geometry 
and mechanics may exist. These flow 
patterns, usually referred to as bub- 
ble, plug, stratified, wave, slug, annu- 
lar, spray, froth, etc., not only impose 
unstable and intricate geometry to 
the system but also critically affect 
the relative magnitudes of several 
force systems active to varying ex- 
tents. 


The classical approach of attempt- 
ing to solve the Navier-Stokes equa- 
tions becomes hopelessly devoid of 
any promise, not only due to ana- 
lytical difficulties in setting up the 
boundary conditions but also because 
of the non-linear nature of the equa- 
tions. The necessity to include, in a 
general formulation of the problem, 
the interfacial and gravitational forces 
along with viscous, inertia, and pres- 
sure forces further complicates the 
theoretical approach. 


Appreciating the above complica- 
tions and since the direct mathemati- 
cal approach seemed to fail to give 
any hope of practical success, it was 
thought best to resort to experimen- 
tal facts and use available data. Thus 
a semi-empirical approach was 
adopted in combining ideas from the 
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well established theory of single- 
phase flow behavior with experimen- 
tal data collected on two-phase flow 
systems. 

The development which follows is 
based on a total energy balance for 
the flowing two-phase mixture under 
steady state conditions. Energy dis- 
sipated to heat due to irreversibilities 
in flow is expressed in terms of a 
two-phase f factor which is analo- 
gous to the resistance factor used for 
single-phase flow. 


DEVELOPMENT OF CORRELATION 


It is well known that a certain 
amount of energy is necessary to 
overcome the resistance which any 
flowing fluid encounters in its path. 
The basic energy relationship of any 
fluid flow process stems from the law 
of conservation of energy which 
merely states that the energy of fluid 
entering the conduit minus the energy 
dissipated in the conduit through ir- 
reversible-effects is equal to the en- 
ergy of the fluid leaving the conduit. 

The above is usually formulated by 
the following equation based on a 
unit mass of fluid flowing. 


VaP + | 

P, 

For a horizontal pipe, the differ- 

ence in elevation, Ah, is zero. When 

no work is done on or by the fluid, 

W. is zero. In most cases the kinetic 

energy term can be neglected. The 


equation then reduces to: 


P, 

where W, is the energy dissipated 
to heat in the system due to irreversi- 
bilities. 

For single-phase flow the energy 
dissipation term, W,, is expressed as 
part of a dimensionless number called 
the resistance factor, f. 

2g. We D 

The resistance factor is correlated 

for single phase flow with Reynolds 

number, DW/y, and relative rough- 
ness, £/D.” 

(DW/p) (E/D) (4) 
This equation can be obtained by 
dimensional analysis. 


A two-phase f factor is defined 
using Eq. 3 and is used with Eq. 2 
for making the energy balance on a 
horizontal two-phase flow system. 
For two-phase flow, in Eq. 2 and 3, 
v is the superficial velocity of the 


flowing mixture based on the cross 
section of the pipe; V is the specific 
volume of the flowing mixture. The 
problem then revolves around the 
ability to correlate f in terms of the 
physical properties of the fluids, pipe 
diameter and roughness, and fluid 
rates. 

In two-phase flow the flowing mix- 
ture density or specific volume can 
be different from the in situ density 
or specific volume because of slip- 
page or liquid hangup. Slippage oc- 
curs when the gas flows at a greater 
linear velocity than the liquid. The 
flowing mixture density was used 
rather than an in situ density because 
the energy entering and leaving the 
tubing by virtue of the flowing fluid 
is a function of the pressure-volume 
properties of the fluid entering and 
leaving the tubing and not of the 
fluid in place. 

For single phase flow in smooth 
pipe, f can be expressed in terms of 
the Reynolds number which involves 
inertia and viscous forces. In two- 
phase flow the interfacial and gravity 
forces undoubtedly also enter the pic- 
ture. After an unsuccessful attempt 
at correlating f in terms of dimen- 
sionless numbers involving all four 
forces, another approach was made 
which proved adequate for most en- 
gineering calculations. Since Lock- 
hart and Martinelli” attained a fair 
degree of success in correlating data 
for a wide range of conditions neg- 
lecting interfacial and gravity forces, 
our development proceeded on this 
basis. For the data used, the two- 
phase f factor was found to correlate 
best in terms of Reynolds numbers of 
the liquid and gas phases, each based 
on the pipe diameter, and the gas- 
liquid mass ratio. The functional re- 
lationship hence took the following 
form: 


DW,\ * {DW,\ ” 
bu 
where a and b were functions of the 
gas-liquid mass ratio, K. 


a 
(6) 
and 
Mg Pu 
(7) 


As K approaches (all 
a approaches 1 
b approaches 0 
approaches R, 
As K approaches 0 (all liquid) 
@ approaches 0 
b approaches 1 
(RY) approaches Ry 
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therefore in the limiting conditions, 
all gas or all liquid, the correlation 
reduces to that for single phase flow, 
neglecting relative roughness. 
Two-phase f factors have been cor- 
related against for a range 


of gas-liquid mass ratios. 


The selection of the exponent func- 
tions a and b was arbitrary except 
that they meet the requirements 
stated above at the limiting condi- 
tions. The factor of 0.1 used in ex- 
ponent b insures significance of the 
liquid phase in computing the func- 
tion (R?) (Ri) for gas-liquid mass 
ratios as high as 50 to 1. 


DISCUSSION OF CORRELATION 


The correlation is presented as 
Figs. 1, 2, 3, and 4. Each figure is 
for a range of gas-liquid mass ratios, 
as indicated. The nature of the data 
did not permit correlating for specific 
gas-liquid mass ratios. Fig. 5 is a 
composite of the four previous fig- 
ures and shows the single phase 
curves for smooth pipes. The nature 
of the correlating curves, their rela- 
tion with one another and with the 
single phase curves results, in part, 
from the selection of the exponent 
functions, a and b. 

This method of correlating shows 
that it is possible to have more than 
one value of f for particular values 
of (Ri) and gas-liquid mass 
ratio over a range of (R*) (R?) val- 
ues. The reason is attributed to the 
fact that it is possible to have several 
flow patterns for the same value of 
the function over this range. It ap- 
pears, however, that more than one 
flow pattern can be correlated by a 
single curve in this range, and at high 
values of the Reynolds number func- 
tion the data can be correlated inde- 


i 
Conve 0) Pon: 
| 
4 
| 


Fic. 2— ENERGY DIssIPATION FUNCTION FOR Gas-Liguip Mass Ratios 
0.2 To 0.4. 


pendent of flow pattern for a given 
gas-liquid mass ratio. On the basis of 
the information available, the lower 
curve (1) on each figure seems to 
apply to stratified, wave, and semi- 
annular flow; whereas the upper 
curve applies to the other types of 
flow. As is indicated on each figure 
the transition from the lower curve 
(1) to the upper curve (2) occurs 
for liquid Reynolds numbers between 
500 to 10,000. More data are. needed 
in the lower range of Reynolds num- 
ber function with R, less than 2,000 
to see if there is a similar transition 
region. Representation of the corre- 
lation by straight lines where possible 
was for convenience in further sim- 
plification to working charts. Point 
scatter in the correlation can be at- 
tributed partly to the fact that a par- 
ticular curve applies to a range of 
gas-liquid mass ratios. 

The correlation was developed 
from laboratory data available in the 
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Fic. 1 —— ENERGY DISSIPATION FUNCTION FOR Gas-Liqguip Mass RATIOS 
UP To 0.2 
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literature.* A set of 267 experimental 


measurements randomly sampled 
from approximately 1,000 measure- 
ments from various literature sources 
was used. The range of the variables 


- involved, therefore the limitations of 


the correlation, is summarized in 
Table 1. Although available field 
data* were not used directly in the 
correlation, they were used as a guide 
in extrapolation, indicated by dashed 
lines on Figs. 1, 2, 3, 4 and 5S. 


A comparison of field measure- 
ments’ with predicted values is given 
in Table 2. Only 10 of Baker’s 27 
sets of data were used in the com- 
parison presented as Table 2. The 
other data were beyond the gas- 
liquid mass ratio limit of the correla- 
tion which is equivalent to a gas- 
liquid volume ratio (cu ft/bbl) of 
approximately 5,000. We have found, 
however, that for gas-liquid volume 
ratios greater than 50,000 cu ft/bbl 
the gas flow equations” can be 
used. This method assumes the liquid 
to be uniformly distributed through- 
out the gas phase, and an adjustment 
is made to the gas gravity to account 
for the liquid. The calculations are 
then made assuming only gas flow. 
Table 3 gives a comparison of Bak- 
er’s field measured pressure drops for 
gas-liquid volume ratios greater than 
50,000 with those calculated by the 
method just described. 


Data by Gazley” for stratified flow 
were not used. Gazley measured gas 
phase pressure drops and showed 
that there could be considerable dif- 
ference between gas phase pressure 
drop and liquid phase pressure drop 
because of change in head of the liq- 


*The tabulated data were omitted to re- 
duce the length of paper, but can be obtained 
from the authors. 
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Fic. 3 — ENERGY DIssIPATION FUNCTION FOR Gas-Liqguip Mass RATIOS 
FROM 0.4 To 0.6. 


uid phase. Since the gas phase pres- 
sure drop does not necessarily repre- 
sent the two phase pressure drop for 
this type of flow and range of condi- 
tions, the data were not used. Some 
of his data, where the gas phase pres- 
sure drop is approximately equal to 
the two phase pressure drop, appear 
to correlate by the methods described 
here and fall within the range of 
Schneider’s” data which consisted pri- 
marily of wave flow. Jenkin’s“ data 
were not available at the time of this 
investigation. Van Wingen’s” data 
were not complete for the type of 
analysis made here. There are much 
more data in the literature that were 
not used since they covered approxi- 
mately the same range as the data 
used in the correlation. 

An evaluation of the correlation is 
presented as Fig. 6. A comparison of 
experimental pressure drops with 
pressure drops predicted by Marti- 
nelli’s correlation is presented as Fig: 
7. For the correlation developed in 
this report the algebraic average de- 
viation was +0.82 per cent, and the 
standard deviation, o, from the alge- 
braic average was 20.8 per cent. For 
Martinelli’s correlation” the algebraic 
average deviation was +14.4 per 


cent, and the standard deviation, o, 
from the algebraic average was 27.5 
per cent. The algebraic average devia- 
tion represents the bias of the corre- 
lation. For a normal distribution, 
68.26 per cent of the values will be 
included within plus or minus one 
standard deviation; 95.46 per cent 
within plus or minus two standard 
deviations: 99.73 per cent within 
plus or minus three standard devia- 
tions. 


APPLICATION 


DEVELOPMENT OF WORKING CHARTS 


To facilitate prediction of pressure 
drop, Eq. 2 and 3 have been com- 
bined with the correlation and re- 
duced to graphical form in Figs. 8 
and 8A. The development which fol- 
lows is the basis for the graphical 
presentation. Putting Eq. 2 in differ- 
ential form 


dW, = 0 


and combining with Eq. 3 in differ- 
ential form one obtains 
uP di 
p D 


By expressing in terms of a pressure 
gradient, 


TABLE | — RANGE OF VARIABLES 
Diameter in. V2 To 2 
Temperature or 50 To 100 
Pressure psia 15 To 55 
Liquid Rate Ib/sq ft/sec 2 To 1,000 
Gas Rate Ib/sq ft/sec 0.5 To 15 
Liquid Viscosity Ib/ft/sec 0.00025 To 0.190 
Gas Viscosity Ib/ft/sec 6.5 X 10-4 To 13 X 10-4 
Liquid Reynolds No. Ru 10 To 135,000 
Gas Reynolds No. Rg 1,000 To 100,000 
Liquid Gravity Gu (60° F/60° F) 0.813 To 1.00 
Gas Gravity Gg (Air = 1.0) 0.71 To 1.00 
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op =0. (10) 
dL g. D 


Since W, = pv, and the gradient is 
negative, 


dL 


One need go no further than Eq. 
11 to make the pressure gradient cal- 
culation. However, to effect addi- 
tional simplification for graphical 
representation, f has been expressed 
as part of an equation of the form 


f=Ec (12) 


where d is the slope of a straight line 
and C is the intercept at unity for 
the function on log-log 
paper. The slope, d, is constant and 
equal to —0.12 for curves (2) on 
Figs. 1, 2, 3, and 4. The intercept, C, 
can be expressed in terms of the gas- 
liquid mass ratio, K. 

By substituting Eq. 12 into Eq. 11 
and collecting terms, 


dP (K ate 
igs 
Ww — 0,12(a+b) 0.124 0.12b 
D +0,12(a+b) p 


Expressing W, in terms of QM, 
mass flow per day, 
dP 
dL 
2-0.12(a+b) 0.12(a+b) 
(.4737x10° (Z) | 


(OM) 
p 


where Z = 0.06217 C 
K = 0.000219 (Sg/o) (G,/G,) 
all exponents are functions of the 
gas-liquid weight ratio and are ex- 
pressed on Fig. 8 as 


s = 0.12 b 
t = 0.12(a+b) 


u = 2—0.12(a+b) 
v = 5-—0.12(a+b) .. (16) 

Eq. 14 has been put in graphical 
form on Figs. 8 and 8A. Eq. 14 
equates pressure gradient with the 
product of three terms, the first of 
which involves gas-liquid mass ratio, 
the second involves fluid rate and 
pipe diameter, and the third involves 
the physical properties of the flow- 
ing fluids. It should be noted that 
the third term is the only one which 
is a function of pressure, thus sim- 
plifying the calculations. 

Liquid phase Reynolds numbers, 
R,, should be greater than 10,000 
when using Figs. 8 and 8A. For most 
practical field cases R;, will be greater 
than 10,000 for gas-liquid volume 
ratios less than 5,000. This limita- 
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Fic. 4— ENERGY DISSIPATION FUNCTION FOR Gas-LiQuID Mass RATIOS 
FROM 0.6 To 1.0. 


Table 1. Field data are needed to 
further verify the applicability of cor- 
relation for pressures greater than 
100 psi and pipe diameters larger 
than 2 in. 

Evaluation of M and p can be 
made from the following relation- 
ships: 

M = (5.61) (62.4) (Gi) + 

(0.0764) (G,) (Sg/o) 


M 
(18) 
Wan = SHOW 
(Sg/o — S,). (19) 


If the gas solubility is nearly zero 
such as in the case of air and water 
mixtures then: 


Vin = 5.61 + 


EXAMPLE PROBLEM 


A well is being produced by gas- 
lift. The well is producing 400 BOPD 
with a total GOR of 1,000 cu ft/bbl. 
The separator which is 1,000 ft from 
the wellhead is operated at a pres- 
sure of 50 psia and the fluids are 
transported to the separator through 
a 2-in. (1.995 ID) horizontal line. 
In gas-lift operations it is desirable 
to maintain a low wellhead pressure 
for efficient lifting; therefore, it 
would be of value to know the well- 
head pressure for the 2-in. pipe. 

Additional pertinent data are as 


follows: 


Sg/o (20) 


0.65 


Il 


G,, = 0.80 
Hy = 0.014 cp = 9.4x 10° 
1b/ft/sec @ 75° and 
50 psia 
=0.6 cp=4.0x 10° 
1b/ft/sec @ 75° and 
50 psia 
SOLUTION 
Step 1. Determine the product, OM 
Q = 400 B/D 


M = (350.1) Gz + (0.0764) 
(G,) (Sg/o) (16) 

M = 329.7 1b/bbl 

QM = 400 (329.7) = 
131,880 lb/day 

This value establishes the 

starting point on Fig. 8. 

The pipe diameter, 2 in. 

(1.995 ID) locates point 2 

on Fig. 8. 


The gas-liquid weight ratio 


function locates point 3 on 

Fig. 8. 

Sg/o (G,/Gzi) = 1,000 
(0.65/0.80) = 812.5 


Step 4. This step involves location of 
point 4 which establishes the 
pressure gradient for a given 
pressure. Point 4 is deter- 
mined from the physical 
property function, (,") 
(u1*)/p. Since this function 
varies with pressure it is best 
to calculate the function for 
several pressures and tabu- 
late corresponding pressure 
gradients in preparation for 
Steps 5 and 6. As a first ap- 
proximation fluid viscosities 
at the outlet conditions were 
used. Usually if the pressure 
drop is less than 100 psi, 
change in fluid viscosities 
with pressure can be neg- 
lected. Also if the pressure 
level is low gas solubility can 
be neglected and Eq. 20 can 
be used for calculating V,,. 


— K — 
812.5 (0.000219) se 0.151 
(812.5) (0.000219) + 1 : 
1 1 
r= 0.12a = 0.018 : s = 0.125 


—0.118 
ug? = (9.4x 10°)" = 0.812 
= (4.0 10" 70397, 
pe? pat = 0.322 


ig Vie Varn 
Vn = 5.61 + 


(19) 
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w 
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Step 2. 
Step 3, Vo = 5.61 + 


TABLE 2 — COMPARISON OF FIELD MEASURED PRESSURES? WITH CALCULATED PRESSURES USING 
OUR CORRELATION FOR GAS-LIQUID RATIOS UP TO 5,000 CU FT/BBL 
Outlet Press. Outlet Press. 


Pipe Dia. 

Roe Rate Liquid Rate Pipe Length 1.D. Line Temp. Inlet Press. Meas, Calc. 
M.S.C.F.D. Feet Inches °F Psig Psig. Psig. 
25,552 5,484 11,317 7.750 80 1,007 975 954 
12,050 4,167 11,317 7.750 69 972 962 957 
11,886 6,592 11,317 7.750 78 977 960 965 

6,474 4,970 5,534 7.750 66 964 958 959 
4,348 5,420 11,317 7.750 82 940 930 933 
25,552 5,484 41,333 10.136 80 975 946 925 
12,050 4,167 31,115 10.136 69 962 948 951 
11,886 6,592 41,333 10.136 78 960 936 940 
6,474 4,970 41,333 10.136 66 952 936 944 
4,348 5,420 41,333 10.136 82 930 912 923 

(14.65) (535) (1,000) Z A plot of P vs L cumulative gives 

(520) P a value of 97 psia. Since the pres- 

Z sure drop from separator to well 


= head is only 47 psi, taking into ac- 
P count variation in fluid viscosities 
The NGSMA manual can be used and gas solubility with pressure will 
for establishing Z, the compressibil- _ give no significant difference in pres- 
ity factor for the gas. If it is neces- gure drop. 
sary to use Eq. 19 for V,, the gen- 
eralized correlations of Standing” can NOMENCLATURE 
be used for estimating gas solubility 
and formation volume factor. Esti- 


D = inside diameter of pipe, ft. 
mates of liquid viscosity may be f 


= dimensionless energy dissi- 


raade by the method of Katz and pation function, resistance 
Richer’ or by the Beal Method.‘ Es- factor for single-phase flow. 
timates of gas viscosity may be made F = ratio of barrels of liquid at 
by the method of Kobayashi” as pressure, P, to barrel of 


liquid at standard condi- 
tions, formation volume fac- 
tor. 

g. = constant = 32.174. 

G, = gas gravity (air = 1.0). 


seen in Table 4. 

Step 5. This step involves a correc- 
tion to the estimated gradi- 
ents determined by Step 4. 
Fig. 8A is used for this cor- 


rection. G;,, = liquid specific gravity. 

QM _ 12 K= gas-liquid mass ratio, di- 

= 131 880( 555 mensionless. 

L = length of pipe, ft. 

= 793,260 M = total mass of liquid and gas 

Sg/o (G,/Gr) = 812.5 associated with one barrel 
Correction = 1.21 of liquid flowing into and 
Step. 6. Table 5 shows the incre- out of the pipe, Ib. 
mental integration to give P = absolute pressure in consis- 
the pressure at the well head. tent units. 


P, = base pressure 14.65 psia. 
O = barrels of liquid flowing per 


day. 

R, = gas Reynolds number, di- 
mensionless. 

R,;, = liquid Reynolds number, di- 
mensionless. 


Sg/o = cu ft of gas/bbl of liquid 
at std. cond. (14.65 psi 
60°F). 

S, = solubility of gas in liquid at 
pressure, P. 

T, = base temperature 60°F. 

T.ve = Arithmetic average of the 
inlet and outlet pipe temper- 
atures. 

v = velocity of flowing fluid, 
ft/sec. 

V = specific volume of flowing 
fluids, cu ft/lb. 

V,, = cu ft of gas and liquid at 
pressure, P,/bbl of liquid 
based on the ratio of the 
fluids flowing into and out 


of the pipe. 

W = mass throughput, lb/sec/sq 
ft. 

W, = W, + W,. 


W, = energy losses oe from 
irreversibilities of the fluid 
in flow. 

W,, = gas mass throughput, based 
on pipe diameter. 

W, = liquid mass throughput, 
based on pipe diameter. 

W, = work done by or on the 
fluid while in flow. 

Z = compressibility factor of gas. 
e = 2.7183. 
p = density at pressure P and 
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TABLE 3 — COMPARISON OF FIELD MEASURED PRESSURES? WITH CALCULATED PRESSURES USING 
GAS FLOW EQUATIONS” FOR GAS-LIQUID RATIOS GREATER THAN 50,000 CU FT/BBL 


temperature T7,,,, lb/cu ft. 


Pipe Dia. Outlet Press. Outlet Press. — gas viscosity, Ib/ ft/sec. 
as Rate iquid Rate ipe Lengt 1.D. Line Temp. Inlet Press. Meas. Calc. = liqui ] j 
M.S.C.F.D. BbI/Day Feet Inches °F Psig Psig Psig. Mu liquid viscosity, Ib/ft/sec. 
26,970 54 11,317 7.750 75 983 964 970 
! 1 41,333 10.136 75 964 945 951 
11,767 192 11,427 7.750 65 712 703 708 ACKNOWLEDGMENT 
6,484 136 11,427 7.750 65 705.5 703 704.2 
VAAl 76 11,427 7.750 69 1,075.0 1,075.0 1,075.1 : 
6,484 136 10,617 7.750 65 703 701.5 701.8 The authors wish to thank the 
6,668 107 10,617 7.750 70 1,067 1,065.5 1,066.2 “113 
6,798 102 10,617 7.750 69 1,075 1,074 1/074.3 management of Phillips Petroleum 
11,950 236 11,313 7.750 70 1,064 1,062 1,061.5 Co. for permission to publish this 
6,484 136 22,044 7.750 66 705.5 701.5 703.1 : 
11,950 236 41,317 10.136 70 1,063 1,055.5 1,060.7 paper. 
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An ACCELERATED SQUEEZE-CEMENTING TECHNIQUE 
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ABSTRACT 


A new cementing technique has 
been developed which is particularly 
applicable to permanent-type well 
completion operations. The technique 
makes use of the accelerating effect 
of calcium chloride on setting time 
and strength development of cement 
cake deposited in squeeze cementing. 
An unique feature is that the acceler- 
ator is applied after the unaccelera- 
ted cement slurry has been squeezed 
and the excess has been reversed 
from the well. 

Laboratory data on the accelerat- 
ing effect of calcium chloride applied 
to the filter cakes of three low-water- 
loss cementing compositions demon- 
strate that the procedure results in 

-relatively rapid development of 
strength and impermeability of the 
cement cake. Simulated squeeze-ce- 
menting tests made in the laboratory 

~ likewise corroborated the practicality 
of the procedure. The laboratory 
tests showed that a newly developed 
oil-emulsion cementing composition 
is more susceptible to acceleration of 
set than are modified cements con- 
taining high percentages of bentonite. 


The acceleration procedure has 
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been used successfully in field opera- 
tions. 


INTRODUCTION 


NATURE OF PROBLEM 


In squeeze-cementing operations, 
a substantial amount of time is con- 
sumed in waiting on the cement to 
develop strength after it has been 
squeezed into the well. Frequently, 
an interval of 18 to 24 hours or 
longer is required for the develop- 
ment of strength sufficient to prevent 
failure of the cement during subse- 
quent operations in the well. Reduc- 


tion of this waiting-on-cement time. 


offers appreciable savings both in 
time and in money. 

A particular type of squeeze-ce- 
menting operation to which an in- 
creasing amount of attention has 
been given is encountered in perma- 
nent-type well completion operations 
wherein perforations are to be 
squeezed off’. In this procedure, it is 
customary to pump the cement slurry 
down the tubing and out into the 
perforated section through a retract- 
able extension pipe. Squeeze pres- 
sure is then applied, which forces 
the cement slurry into the perfora- 
tions and causes the build-up of a 
compact filter cake of cement within 
the perforations. The excess slurry 


1References given at end of paper. 


remaining in the hole is then re- 
moved by reverse circulation. The 
extension pipe is then retracted, and, 
if a new interval is to be perforated, 
a perforating gun is run through the 
tubing. The newly perforated interval 
may then be tested by swabbing. 

In such operations, it has been cus- 
tomary to allow approximately 20 
hours or so for hardening of the ce- 
ment squeezed into the perforations. 
This time interval is usually meas- 
ured from the time that the cement 
is reversed out of the hole to the time 
that subsequent swabbing is started. 
If the cement has not developed 
strength at the commencement of 
swabbing, the pressure differential 
caused by swabbing results in failure 
of the squeeze job. 

At the time that the Kone de- 
scribed in this report was initiated, 
particular consideration was given to 
the reduction of waiting-on-cement 
time in squeeze cementing by the 
permanent-type completion tech- 
nique. Consequently, much of the 
experimental work was directed to 
this specific objective, though the 
process which was developed for ac- 
celeration of strength development 
has possible application in other than 
permanent-type completion opera- 
tions. 


METHOD OF ATTACK 
Although quick-setting cements 


25 


and the incorporation of accelerators 
such as calcium chloride in normal 
Portland cement have been known 
for years, the use of these quick-set- 
ting slurries in squeeze-cementing op- 
erations presents many problems. 
The principal objections to their use 
are that these cement slurries remain 
fluid only a short time and that, once 
the slurries have been mixed and 
pumped down the hole, no control 
may be exercised over the set time. 
These factors prohibit their use in 
permanent-type completion opera- 
ations in which the slurry must re- 
main fluid for several hours so that 
the excess may be removed from the 
well by reverse circulation. 


Even though slurries containing 


accelerators were thus ruled out, it 
was thought that acceleration of set 
could be accomplished by other 
means. It was visualized that the fol- 
lowing procedure might offer prom- 
ise: (1) cementing with a slurry 
containing no accelerator, but pos- 
sibly containing a set-retarder, (2) 
removing excess slurry from the hole, 
(3) introducing into the hole an 
aqueous solution of a material such 
as calcium chloride which accelerates 
set, and (4) allowing the accelerator 
solution to permeate the cement 
which had been squeezed into the 
hole, thereby accelerating set of the 
cement mass. 


It was to investigate the possibility 
that this procedure would speed up 
squeeze-cementing operations that 
the work described in this report was 
undertaken. 


LABORATORY INVESTIGATION 


STRENGTH DEVELOPMENT OF 
FILTER CAKES PERMEATED WITH 
CALCIUM CHLORIDE SOLUTION 


When perforations are squeezed 
off, it is usually the strength devel- 
oped by the cement filter cake de- 
posited in the perforations which de- 
termines whether an effective seal is 


obtained. Consequently, the develop-. 


ment of strength in the filter cake 
was used in laboratory work as a 
criterion in judging the effectiveness 
of the acceleration procedure. 


PROCEDURE 


1. Filtration of the cement slurry 
under test was carried out in both a 
standard API low-pressure mud tes- 
ter and in a filter cell which was 
similar but of larger diameter. In or- 
der that a cake might be deposited 
which could later be subjected to 
either tensile or compressive strength 
tests, brass molds were placed in 
the filter cells directly on the filter 
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paper. The mold used for cement 
cakes on which compressive strengths 
were to be determined formed a 
cylinder 1 in. in height and 1 sq in. 
in cross-sectional area; the standard 
API filtration cell was used with this 
mold. Standard tensile briquet molds 
were used for tensile strength tests 
and were placed in the larger di- 
ameter filter chamber. Briquet halves 
obtained from breaking the tensile 
specimens were also crushed in com- 
pression for additional data on the 
squeeze-cementing compositions. 

Filtration of the cement slurry was 
conducted at a filtration pressure of 
100 psi either at room temperature 
or at a controlled elevated temper- 
ature. The duration of the filtration 
was determined by the time neces- 
sary to fill the mold with filter cake. 
The course of the filtration was fol- 
lowed by observation.of the volume 
of filtrate collected. 

2. Removal of the excess filter 
cake and slurry from the filter press 
was accomplished by opening the 
press, after sufficient solids had been 
deposited, and removing all material 
above the top of the mold. 

3. Injection into the cake of accel- 
erator solution was the next step. 
After the excess cement slurry and 
cake had been removed, the filter 
press was reassembled, the accelera- 
tor solution was poured into the filter 
cell above the cake, and a pressure 
of 100 psi was again applied to force 
the solution into the cake. In tests 
made for comparison, tap water was 
used instead of the solution of the 
accelerator. In some runs designed to 
simulate well conditions, the proce- 
dure was varied by first forcing water 
into the cake and then following the 
water with the accelerator solution. 
The temperature was held either at 
room temperature or at a controlled 
elevated temperature during this pro- 
cedure. The volume of liquid which 
filtered through the cement filter 
cake was measured periodically. The 
duration of the injection was usually 
several hours. 

4. Determination of strength of 
the cake deposited in the mold was 
next. After injection of the acceler- 
ator, the set cake was removed from 
the mold, and either its compressive 


or its tensile strength was determined. 


MATERIALS USED 


Three different cement composi- 
tions were used in this work: (1) a - 
modified cement containing 12 per 
cent bentonite clay and 0.4 or 0.7 
per cent calcium lignosulfonate’, 
both percentages being based on the 
weight of dry cement, (2) a modified 
cement containing 25 per cent ben- 
tonite and 1.2 or 1.4 per cent cal- 
cium lignosulfonate’, and (3) a re- 
cently developed oil-emulsion ce- 
ment® containing, except in one case, 
2 per cent bentonite, 30 cc of kero- 
sene, 80 cc of water, and 0.5 or 0.8 
gm of calcium lignosulfonate per 100 
gm of dry cement. 

In the one exception, the oil-emul- 
sion composition was varied slightly 
in that 20 cc of kerosene and 90 cc 
of water were used with a mixture 
of 0.3 gm Nacconal SX and 0.2 gm 
calcium lignosulfonate per 100 gm 
dry cement for the emulsifying and 
retarding agent. These cement com- 
positions were utilized because they 
have been successfully employed in 
the field with permanent-type com- 
pletion operations. 

A solution of 5 per cent or 10 per 
cent calcium chloride was utilized as 
the accelerating agent. 


RESULTS 


The results obtained with filtra- 
tion and calcium chloride injection 
carried out at room temperature de- 
termined that the acceleration proce- 
dure is workable. Table 1 shows the 
results obtained when tap water, 5 
per cent calcium chloride solution, 
and 10 per cent calcium chloride so- 
lution were injected separately into 
the cake formed by filtration of an 
oil-emulsion cement slurry. As shown 
in this table, the compressive strength 
immediately after the injection period 
of three hours and 20 minutes was 
zero for the cake which was treated 
with tap water alone, and was several 
hundred pounds for the accelerated 
specimens. Further, these tests dem- 
onstrated that the more cancentrated 
calcium chloride solution gave the 
higher compressive strength. 


Observation of the rate of flow 
through the cement cake during the 


TABLE 1 — EFFECT OF CONCENTRATION OF PERMEATING CALCIUM CHLORIDE SOLUTION ON 
COMPRESSIVE STRENGTH OF OIL-EMULSION CEMENT FILTER CAKES* 


Test Temperature — 75°F 


Concentration of Calcium 
Chloride Solution: 
Gm/100 ce 


0 (Tap Water) 
5.0 
10.0 


Compressive Strength: 
psi (Age of test 
Specimens — 3 hours 50 minutes**) 
180 
380 


* Oil-Emulsion Cement Composition: Normal Portland Cement, Bentonite Added — 2 per cent; 0.2 per 
cent Kembreak, 0.3 per cent Nacconal SX, 90 cc Water and 20 cc Oil per 100 Gm Cement. 


** Time to deposit filter cake — 30 minutes. 


Time Calcium Chloride solutions filtered through cement cakes — 3 hours 20 minutes. 
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injection period also afforded evi- 
dence of the accelerating action of 
the calcium chloride solution. It is 
known that the permeability of ce- 
ment decreases as the mass sets‘. It 
was observed that the rates of flow 
of the calcium chloride solutions de- 
creased markedly within roughly an 
hour after injection was started. In 
contrast, the permeability of the con- 
trol sample, through which tap water 
was passed, was still high after more 
than three hours. Fig. 1 shows the 
flow rates for tap water and for the 
5 per cent and 10 per cent calcium 
chloride solutions. Corroborating the 
data obtained from the compressive 
strength tests, the cake through which 
the 10 per cent was passed exhibited 
an earlier decrease of permeability. 

The results obtained on accelera- 
tion of the three types of slurry em- 
ployed showed some differences in 
the susceptibilities of the slurries to 
the acceleration process. Fig. 2 shows 
the compressive strengths developed 
by the cakes formed from the three 
slurries after flow of 10 per cent cal- 
cium chloride through them. In one 
series of tests, tap water was flowed 
through the cakes for one hour and 
calcium chloride for two hours; in 
another series, water was injected for 
one hour and calcium chloride for 
four hours. For comparison, another 
group of test specimens were perme- 
ated for six hours with tap water. All 
of the results shown in Fig. 2 were 
obtained at a test temperature of 
125° F. Similar results, obtained at 
180°F, are shown in Fig. 3. 

As shown by Figs. 2 and 3, the 
cake formed from the modified ce- 
ment containing 12 per cent bentonite 
exhibited in all cases the greatest de- 
velopment of strength. Generally, the 
oil-emulsion was second in its sus- 
ceptibility to accelerated set, and the 
modified cement containing 25 per 
cent bentonite was the least suscep- 
tible of the three. 

The effect of increase in temper- 
ature on the acceleration procedure, 
as shown by comparison of the data 
given in the two graphs, was to in- 
crease the strength of all compo- 
sitions. 

Although the compressive strengths 
of the filter cakes deposited from 
the 12 per cent bentonite and from 
the oil-emulsion cement slurries were 
over 400 psi after only two hours 
permeation with solutions of cal- 
cium chloride, the strength is not the 
only factor to be considered in 
evaluating a good squeeze-cementing 
composition. 

Another important property of the 
hardened cake is the permeability of 


Materials Added to Normal Portland Cement: 
Bentonite: 2% 
Calcium Lignosulfonate: 0.2% 

600}- Nacconal SX: 0.3% 

Water: per 100 grams cement 

Oil: per 100 grams cement 


| 
| 


| Calcium Chloride Solution 


| 


Volume of Fluid through Filter Coke: cc 


Lox Calcium Chloride Solution 


| Test Temperature - 75°F | 
0 1 2 3 


Time Fluids filtered through Cement Cake: Hours 


Fic. 1— EFFECT oF CONCENTRATION 
OF CALCIUM CHLORIDE SOLUTION ON 
AMOUNT OF FLUID FLOWING 
THROUGH OIL-EMULSION CEMENT 
FILTER CAKES AT 100 Pst. 


(Normal Portland Cement Used) 
Tost Temperature 125°F. 


Moterials Added 80-30 25% 12% 
Bentonite: per cent 7) 25 12 

Calcium Lignosulfonate: percent 0.5 
} Water: cc per 100 grams cement 80 140 90 


Oil: ce per 100 grams cement 30 


12% 


Compressive Strength: psi 


BD 
1 Hour Water + 

2 Hours CaCl 
Fic. 2—COMPRESSIVE STRENGTHS OF 
CEMENT FILTER CAKES PERMEATED 
WITH 10 PER CENT CALCIUM CHLO- 


RIDE SOLUTIONS AND WATER. 


1 Hour Water + 
4 Hours CaCl 


6 Hours with Woter 


(Normal Portlond Cement Used) 

Test Temperature 180°F. 
Materials Added: 
Bentonite: per cent 2 25 12 
Calcium Lignosulfonate: percent 0.8 
Water: cc per 100 grams cement 80 140 90 
1500 }Oil: ce per 100 grams cement 30 - 


Compressive Strength: psi 


80-30 


80-30 25% 
6 Hours with Water 


1 Hour Water + 


1 Hour Wat 
2 Hours ours CoCl., 


4 Hours CoCl, 


Fic. 3— COMPRESSIVE STRENGTHS 
OF CEMENT FILTER CAKES PER- 
MEATED WITH 10 PER CENT CALCIUM 
CHLORIDE SOLUTIONS AND WATER. 


the cake itself; since it must provide 
a barrier to fluid movement. The 
data obtained during flow through 
the cake provide a measure of cake 
permeability. These data, shown in 
Fig. 4, clearly demonstrate that the 
permeability of the oil-emulsion filter 
cake was much lower than the perme- 
ability of either of the modified ce- 
ment cakes. 


Although the permeabilities of the 
cakes formed from the modified ce- 
ments containing 12 per cent and 25 © 
per cent bentonite were not widely 
different after 112 hours of filtration, 
the small changes in permeability 
which occurred in the 12 per cent 
cake during the 1% to four hours of 
filtration are significant. For exam- 
ple, the permeability of the cake 
formed by the 12 per cent bentonite 
slurry decreased continuously with 
time of filtration, and it exhibited 
evidence of nearly complete fluid 
shut-off in four hours. The perme- 
ability of the 25 per cent bentonite 
cement cake, on the other hand, 


demonstrated no change in perme- 


ability after the first hour of filtra- 
tion. 


Consideration of the results shown 
in Figs. 2, 3, and 4 in the light of 
both strength and impermeability in- 
dicates that the oil-emulsion cement 
is preferable for use in the acceler- 
ated squeeze precedure. 

Results of tensile strength meas- 
urements made on cakes from both 
modified cement containing 12 per 
cent bentonite and on the oil-emul- 
sion Cement showed that the acceler- 
ation procedure had no delayed de- 
leterious effect on strength develop- 
ment. Fig. 5 shows tensile strengths 
on briquets of oil-emulsion cakes 
which were subjected to the acceler- 
ation procedure and which were then 
cured under water at 125° F. For 
comparison, similar determinations 
were made on cakes from the same 
slurry which were not subjected to 
calcium chloride treatment. As shown 
by Fig. 5, although the cakes treated 
with calcium chloride showed accel- 
erated strength development, the 
strengths after seven days’ curing 
were the same. 


SIMULATED FIELD SQUEEZE- 
CEMENTING TESTS 

Even though the foregoing labora- 
tory experiments demonstrated that 
the acceleration procedure is oper- 
able, additional laboratory tests were 
made which more nearly approached 
the conditions encountered in field 
operations. 

PROCEDURE 


For the purpose of simulating field 
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80-30 Oil-Emulsion Cement 


0 ~ 
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Time Calcium Chloride filtered through Cement Cokes: Hours 


Fic. 4——-EFFECT OF CEMENT FILTER 

CaKE COMPOSITIONS ON THE FLOW 

RATE OF 10 PER CENT CALCIUM 

CHLORIDE SOLUTIONS AT 100 PSI 
AND 125° F. 


tests in the laboratory, a test set-up 
was utilized which was similar to one 
used previously in investigating filling 
of perforations by cement filter 
cakes’. The principal item of equip- 
ment is shown in Fig. 6. As depicted 
in this figure, a sandstone core was 
cemented inside a short section of 
4¥-in. drill pipe with a steel plate 
welded over one end. The plate and 
core were then perforated with a jet 
shot identical to that used in well 
perforating. Both ends of the drill 
pipe were threaded to permit connec- 
tion of heads so that a pressure dif- 
ferential could be applied across the 
perforation in either direction. 


In the laboratory experiment, the 
upper chamber was connected to the 
perforated end of the “target” and 
was filled with cement slurry. The 
entire assembly was then placed in a 
water bath at 180°F and 1,000 psi 
nitrogen pressure was applied for 40 
minutes to deposit a filter cake in 
the perforation. After the cake had 
been deposited, the excess slurry was 
removed and tap water was filtered 
through the perforation at 1,000 psi 
for one hour to duplicate, as nearly 
as possible, well conditions. At the 
conclusion of the tap water permea- 
tion, a 10 per cent calcium chloride 
solution was allowed to filter through 
the perforation at 1,000 psi pressure 
for the remainder of the test. The 
temperature was maintained at 
180°F during treatment of the cake 
both with tap water and with the 
calcium chloride solution. 

After the calcium chloride solution 
had filtered through the deposited 
cake for the desired period of time, 
it was poured off and the reservoir 
chamber was removed. Another sec- 
tion was then threaded to the open 
end of the target and the perforated 
end was immersed in water. Nitro- 
gen was applied to the core and the 
pressure was increased in increments 
until gas bubbles were noted at the 
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cemented perforation. This pressure 
was recorded as the back pressure 
necessary to cause the first leak across 
the perforation. The same apparatus 
was also used to test the cement with 
water instead of nitrogen. In such 
tests any water which flowed through 
the perforation was measured in a 
graduated cylinder. 


MATERIALS USED 


In these tests the slurries used 
were modified cements containing 12 
per cent and 25 per cent bentonite, 
and oil-emulsion cement. The accel- 
erating agent used in all tests was 10 
per cent calcium chloride solution. 


RESULTS 


In conducting the simulated 
squeeze tests, a criterion was adopted, 
somewhat arbitrarily, that the cement 
plug in the perforation should with- 
stand a back pressure of at least ap- 
proximately 1,000 psi without appre- 
ciable leakage in order for the 
squeeze test to be considered satis- 
factory. Consequently, the results of 
the tests may best be expressed in 
terms of duration of calcium chloride 
treatment necessary to achieve this 
end. 


The results of a simulated squeeze 
test made with oil-emulsion cement 
showed that cake developed sufficient 
strength for field use after a two- 
hour treatment with 10 per cent cal- 
cium chloride solution. In this test, 
the back pressure was applied with 
nitrogen, and no leakage through the 
cement was evident until the back 
pressure exceeded 1,250 psi. At this 
pressure 5 to 10 bubbles per min- 
ute were observed at the face of the 
cement. The leak rate did not appear 
to change as the back pressure was 
increased to 1,350 psi. In another 
test employing oil-emulsion cement, 
but in which the one-hour flow of 
water through the cake prior to cal- 


500 
Normal Portland Cement 

Bentonite Added: 2% 

Calcium Lignosulfonate: 0.5% 

Water: 80 cc per 100 grams cement 


400 per 100 grams cement 


Tensile Strength: psi 
8 
SS 


/ © 10% Calcium Chloride filtered through 
if cake for maximum of 4 hours. Cured in 
Water Bath for duration of test. 
@ Top Water filtered through cake for 6 hours. 
7 Cured in Water Bath for duration of test, — 
| 


(Temperature - 125°F,) 


0 12 24 36 48 168 
Curing Time: Hours 


Fic. 5—-EFFECT OF CALCIUM CHLO- 
RIDE ON TENSILE STRENGTH OF OIL- 
EMULSION FILTER CAKES. 


Cement Slurry 
N 
GE 


Core 


Fic. 6—SIMULATED WELL SQUEEZE- 
CEMENT TEST. 


cium chloride treatment was omit- 
ted, showed that the back pressure 
could be increased to about 1,500 
psi before any leakage occurred. 


Tests made with modified cement 
containing 12 per cent bentonite 
showed that a four-hour treatment 
with calcium chloride resulted in 
strength development sufficient to 
withstand a back pressure of some- 
what more than 1,000 psi. At a back 
pressure of 1,200 psi the leak rate, 
when nitrogen was used to apply the 
back pressure, was 20 to 30 bubbles 
per minute. When water was used to 
apply the back pressure, the leak 
rate at a back pressure of 1,500 psi 
was found to be roughly 2 cc of 
water per hour. 


Tests performed with modified ce- 
ment containing 25 per cent bentonite 
showed that it was necessary to pro- 
long calcium chloride treatment for 
a period of about 10 hours or more 
in order for the cake to develop suf- 
ficient strength to withstand a back 
pressure of 1,000 psi without leaking. 
When the calcium chloride treatment 
was limited to four hours the cake 
showed some leakage at a back pres- 
sure of only 150 psi; although no 
rupture of the cake took place when 
the pressure was increased to as much 
as 700 psi. The results obtained with 
this composition indicate that perme- 
ability of the cake is, as discussed 
previously, a significant factor in 
squeeze cementing. 

In summary of the results of the 
simulated squeeze tests performed in 
the laboratory, the data indicate that 
the durations of calcium chloride 
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treatment (10 per cent solution) 
necessary to assure cemented per- 
forations withstanding a back pres- 
sure of 1,000 psi are: (a) 8 to 12 
hours for modified cement contain- 
ing 25 per cent bentonite, (b) four 
to six hours for modified cement con- 
taining 12 per cent bentonite, and 
(c) two to four hours for the oil- 
emulsion cement. As noted, these 
data were obtained at a squeeze tem- 
perature and temperature of treat- 
ment of 180° F, and would require 
modification for temperatures other 
than this. 


FIELD USE OF THE ACCELER- 
ATED SQUEEZE-CEMENTING 
TECHNIQUE 


To date nine squeeze-cementing 
jobs have been performed in which 
a calcium chloride solution has been 
spotted opposite perforations to ac- 
celerate the strength development of 
the deposited filter cakes. All of these 

_were conducted in permanent-type 
well completion operations. Five of 
the jobs were squeeze cemented with 
oil-emulsion cement and four were 
performed with 25 per cent bentonite. 
In each case, a batch of about 3 bbl 
of 10-per cent calcium chloride was 
spotted opposite the perforations 
after the excess slurry had been re- 
verse-circulated from the well. 

In most cases it was not possible 
to evaluate fully the quick-setting ac- 
tion of the calcium chloride. In most 
of these jobs the schedule of other 
operations required that the calcium 
chloride remain against the perfora- 
tions overnight, for a period of from 


12 to 14 hours, before the well was 
tested. The results of these 12-to-14- 
hour waiting-on-cement jobs with cal- 
cium chloride were substantially bet- 
ter than had been experienced with 
the normal squeeze jobs after a 24- 
hour wait. In one case, for example, 
a 25 per cent bentonite cement 
squeeze job, accelerated with cal- 
cium chloride, was successful after 
six previous jobs had failed. 

In two tests, conducted with oil- 
emulsion cement, some indication of 
the success or failure of the cement- 
ing job was obtained a few hours 
after the application of the calcium 
chloride. In the first test, consider- 
able mechanical difficulty was experi- 
enced in the cementing operation so 
that at least 314 hours elapsed be- 
tween the squeeze cementing and the 
placing of the calcium chloride solu- 
tion opposite the perforations. After 
the calcium chloride was held against 
the perforations for only 114 hours, 
a pressure differential into the well- 
bore caused the job to fail. In an- 
other test, the accelerator solution 
was filtered through the oil-emulsion 
cement cake for four hours before 
the pressure in the wellbore was re- 
duced to that in the formation. Pres- 
sure tests were then made which in- 
dicated a good cement job. No at- 
tempt was made to dry test the well 
until the next morning, when a dry 
swab test confirmed the success of 
the cement job. 


CONCLUSIONS 


1. Laboratory and field data dem- 
onstrate that it is possible to accel- 


erate the set of cement used in 
squeezing off perforation by treat- 
ment of the squeezed cement with 
calcium chloride solution. 

2. Laboratory data show that a 
newly-developed oil-emulsion cement 
is particularly susceptible to the ac- 
celerated-set technique. 

3. By use of the accelerated 
squeeze technique, it should be pos- 
sible to perform a complete perma- 
nent-type squeeze-cementing opera- 
tion during the daylight hours of a - 
single day. 
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ABSTRACT 


The introduction of the scintilla- 
tion counter into field use for gam- 
ma-ray well logging has provided a 
new tool with special utility for the 
determination of natural radioactivity 
of sediments. Previous subsurface 
gamma-ray measurements have in- 
dicated only the total amount of ra- 
dioactivity of the sediments. With 
the scintillation counter, the relative 
amounts of the elements which emit 
gamma radiation can be determined. 
Sediments logged included 35 zones 
in wells located in the Texas Gulf 
Coast, East Texas, and West Texas. 

Although the data obtained from 
measurements made to date are not 
sufficient to evaluate the possibilities 
of spectral logging, it appears likely 
that spectral measurements will yield 
information of geologic value. 


INTRODUCTION 


Although variations in the natural 
radioactivity of sediments were rec- 
ognized as early as 1909," the appli- 


Original manuscript received in Petroleum 
Branch office on Aug. 19, 1955. Revised manu- 
script received Dec. 7, 1955. Paper presented 
at Petroleum Branch Fall Meeting in New 
Orleans, Oct. 2-5, 1955. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
eussion offered after Dec. 31, 1956, should be 
in the form of a new paper. 
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cation of such variations to borehole 
logging was not made until almost 
30 years later. A group of Russian 
workers in the early 1930’s were suc- 
cessful in making crude measure- 
ments of natural gamma activity in 
an oil well borehole. The first prac- 
tical gamma-ray logging system was 
developed by Howell and Frosch* in 
1939, Induced radioactivity, or neu- 
tron, logging appeared soon after the 
introduction of gamma-ray logging. 
After early work had demonstrated 
the potentialities of radioactivity log- 
ging, development of sensitive and 
stable logging equipment for field 
use followed, so that neutron and 
natural gamma logs are now run rou- 
tinely and have proved to be ex- 
tremely valuable in characterizing 
subsurface formations. 


Even though tremendous strides 
have been made in developing radio- 
activity logging, it is apparent that 
the ultimate in the method of logging 
has not been reached, for, until very 
recently’, in none of the commer- 
cially available logging systems has 
advantage been taken of the fact that 
gamma radiation is composed of a 
spectrum of rays, each ray having a 
distinct and characteristic energy. An 
individual gamma ray originates in a 
single element and has energy de- 
termined by the element. The inten- 


References given at end of paper. 
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sity of radiation, or number of rays 
emitted from unit volume in unit 
time, is determined by the concen- 
tration of the element. If it were pos- 
sible to sort out these gamma rays 
and assign them to their parent ele- 
ments, thereby essentially analyzing 
for the elements, a wealth of new in- 
formation descriptive of formation 
material and fluid content would be 
at hand. For example, if in natural 
gamma logging, the gammas due to 
potassium and to the thorium and 
uranium series were measured indi- 
vidually, data would thus be avail- 
able on the concentrations of each of 
the three elements, adding materially 
to the information content of the log. 
In contrast, conventional gamma logs 
measure only a quantity proportional 
to the combined concentrations of 
uranium, thorium, and potassium. 
The naturally radioactive elements 
occur in sediments in concentrations 
dependent on source material of the 
sediment, and through their chemical 
characteristics, on conditions of depo- 
sition,* so that the individual con- 
centrations may be diagnostic for 
particular formations. These concen- 
trations, particularly if measured in 
situ, could lead to a powerful tool for 
correlation and for reflecting environ- 
mental conditions under which sedi- 
mentation took place. As a correla- 
tion tool, individual uranium, thor- 
ium, and potassium measurements 
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would have additional value in re- 
solving anomalies due to abnormal 
behavior of total radioactivity that 
often detract from the utility of a 
conventional gamma-ray log. A par- 
ticular consequence of the chemistry 
of uranium and thorium that may be 
of value in depicting conditions of 
sedimentation has been pointed out 
by Pettersson.’ According to Petters- 
son’s hypothesis, the ratio of uranium 
to thorium in a basin sediment should 
be a function of the distance away 
from a continental mass at which 
sedimentation occurs, such a varia- 
tion in the uranium-thorium ratio be- 
ing dependent on the chemical be- 
havior of these ions in slightly basic 
water. 


In view of the potential value of 
spectral gamma-ray. measurements to 
radioactivity well logging, an investi- 
gation was initiated to assess its util- 


ity. 
METHOD OF ATTACK 


A method of analyzing gamma 
rays of mixed energies which is prac- 
tical for field operations is available 
in scintillation gamma-ray spectro- 
metry. Scintillation counters suitable 
for spectrometry and their operation 
have been described in the liter- 
ature,”‘ These spectrometers depend 
for their operation on the fact that 
certain crystals, on absorption of a 
gamma ray, fluoresce with an intens- 
ity that is a linear function of the 
amount of energy lost in the crystal 
by the gamma ray. Detection of the 
scintillations by a photomultiplier 
tube, with subsequent amplification 
and sorting of pulses according to 
amplitude, yields information about 
the energy spectrum of the impinging 
gammas. The nature of interactions 
of gamma rays with matter is such 
that, for a flux of monoenergetic 
gammas, there results a distribution 
of pulse heights which is character- 
istic of the gamma-ray energy. Gen- 
erally, the pulse height distribution 
due to a single gamma energy con- 
tains a peak at a pulse height as- 
sociated with the primary energy of 
the gamma ray, and a broad scatter- 

ing of pulses representing lower en- 
ergies. The peak at the primary en- 
ergy is of importance in that it per- 
mits the resolution of a source of 
mixed gamma rays. 

A laboratory type scintillation 
counter was used to make prelimi- 
nary determinations of the gamma 
spectra of core samples. A strong de- 
terrent to laboratory work of this 
type is presented by the low level of 
the natural radioactivity, and it was 
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evident that it would be desirable to 
continue the work in the field where 
advantage could be taken of the large 
effective amount of sample surround- 
ing a detector placed in a borehole. 
Recently, scintillation logging equip- 
ment suitable for gamma-ray spec- 
trometry in the field was made avail- 
able in the Gulf Coast area as a com- 
mercial service. At that time arrange- 
ments were made with the company 
furnishing this service for running 
logs in several wells. At the time 
that this report is written, runs have 
been made in five wells in the Gulf 
Coast, East Texas, and West Texas 
areas. 


EQUIPMENT 


GENERAL 


A block diagram of the complete 
instrumentation used in the field for 
spectral gamma-ray logging is shown 
in Fig. 1. The equipment necessary 
for gamma-ray spectrometry in- 
cludes: (1) scintillation detector, (2) 


amplifiers, (3) pulse height analyzer — 


and counter. The scintillation detec- 
tor and amplifiers serve to convert 
the spectrum of gamma rays into a 
corresponding spectrum of electrical 
pulses. Sorting and recording of the 
pulses according to height and repe- 
tition rate is done by the pulse height 
analyzer. 

The field equipment included: (1) 
sodium iodide (thallium activated) 
scintillation detector, 1% in. X 2 in., 
and bottom-hole amplifier for sub- 
surface operation, (2) line truck with 
6,500 ft of cable, (3) surface ampli- 
fiers and counting equipment, (4) 
recording equipment for making con- 
ventional gamma-ray logs, and (5) 
a photographic pulse height analyzer. 
The line truck was selected to have 
minimum loss and distortion. The 


short line length of 6,500 ft, as com-- 


pared to the usual 15,000-ft line 
truck capacity, was dictated by the 
difficulty encountered transmit- 
ting high-frequency signals over long 
lengths of cable. 


PULSE HEIGHT ANALYZER 
Photographic pulse height analyz- 

ers of various forms have been de- 

scribed in the literature by several 
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workers.”* Although the analyzers 
vary considerably in detail, funda- 
mentally they all depend on the use 
of photographic film as an integrat- 
ing medium and the ability of an os- 
cilloscope to display electrical pulses 
while faithfully preserving their am- 
plitudes. Generally, a time exposure 
is made of an oscilloscope presenta- 
tion of the pulses from the scintilla- 
tion counter: The photograph inte- 
grates the distribution of pulses, the 
density of exposure in any region of- 
the photograph being a function of 
the number of pulses shown by the 
oscilloscope in a corresponding in- 
terval of pulse amplitudes. The dis- 
tribution of pulses is obtainable from 
the distribution of densities on the 
film. 


An exploded view of the analyzer 
equipment is shown in Fig. 2. The 
function of the pulse stretcher is to 
lengthen pulses received from the 
counter in order to facilitate the 
making and analysis of the photo- 
graphic record. The stretched pulses 
were displayed on the oscilloscope, 
and a time exposure photograph was 
made with a step density filter inter- 
posed between the oscilloscope screen 
and the camera. The steps of the 
filter, i.e., strips of different abilities 
to transmit light, were disposed along 
the time axis of the oscilloscope pat- 
tern. The purpose of the step density 
filter was to insure there being at 
least one segment of the film record 
which was properly exposed and to 
provide for calibration of the film. 

The pulse stretcher used in the 
field was an adaption of a device de- 
scribed by Bernstein, et al.’ A pulse 
stretcher having a similar mode of 
operation but somewhat different de- 
sign in detail was used in the labora- 
tory. The two pulse stretchers had 
similar operational characteristics. 
The stretcher operated from the out- 
put of a conventional linear ampli- 
fier and was capable of following 
pulses having a rise time of about 
0.5 p-sec or longer. The output 
from the stretcher followed the shape 
of the input pulse to its maximum 
height and then maintained this 
height for a variable time duration 
up to about 500 p-sec. Duration of 
the output pulse was determined by 
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Wovetorm of Stretched Pulses 


Step Density Filter 


Fic. 2 — PULSE HEIGHT ANALYZER. 


the sweep time of the oscilloscope, so 
that the stretched pulse always oc- 
cupied a full sweep width on the os- 
cilloscope screen. 

The step density filter was a pho- 
tographic reproduction of a filter 
used in spectrographic work and 
was mounted inside the camera body 
so that it was almost in contact with 
the film. The filter consisted of seven 
steps, each differing in light trans- 
mission by a factor of approximately 
two. Variations in light transmission 
along a single step were less than 
1 per cent. 

A Tektronix Model 315D oscillo- 
scope was used for field work and a 
Model 514D for laboratory testing. 
These oscilloscopes are suitable for 
field work, at low counting rates, 
without modification. 

All photography was done with an 
Exakta VX 35-mm camera equipped 
with a 50-mm Schneider f2 lens and 
appropriate extension tubes to effect 
a reduction in image size of 3:1. 
Eastman Kodak Plus X film was used 
and received normal development 
with continuous agitation in Eastman 
Kodak D-76 developer. 


A photograph of the pulse height 
distribution resulting from impinge- 
ment of gamma radiation from potas- 
sium 40 on the scintillation counter 
is shown in Fig. 3. This photograph 
was made in the field with the equip- 
ment described above. 


CALIBRATION 


In order that relative densities of 
the time exposure photograph may 
be translated into a pulse height dis- 
tribution, the functional relationship 
connecting film density and number 
of pulses must be known. Ideally, film 
density should be a simple logarith- 
metic function of the total light strik- 
ing the film, and thus of the number 


32 


of pulses in a given interval. In prac- 
tice, such an ideal response is not 
realized, since the density of expos- 
ure is dependent on the rate at which 
light is integrated by the film as well 
as on the total light. This type of be- 
havior, termed reciprocity failure,” 
occurs to a greater or lesser extent in 
all photographic emulsions. The cali- 
bration procedure for the photogra- 
phic analyzer must contain provis- 
ions for determining the extent to 
which the results are dependent on 
reciprocity failure of the film, and 
must allow for corrections if neces- 
sary. 

During the course of the experi- 
ments, two calibration procedures 
were utilized. For the first two field 
jobs, the step density filter was not 
available, although all other compon- 
ents of the system were the same as 
previously described. At this time, to 
effect a calibration it was necessary 
to make two or more exposures, 
varying in time duration, of the same 
pulse height distribution. The func- 
tional relation between relative num- 
ber of counts and film density is de- 
rivable from the several exposures, 
if density is a function of total counts 
only, through plotting film density at 
a given pulse height against time of 
exposure. Time of exposure is pro- 
portional to total number of counts, 
so that the two quantities may be in- 
terchanged for calibration purposes, 
if the film is near ideal in behavior. 

After the step density filter was 
installed, it was possible to determine 
the function relating density to inte- 
grated light exposure from a single 
frame. The light transmission of each 
step of the filter decreased by a 
known amount, so that the steps on 
each exposure were equivalent to 
those obtained by making multiple 
exposures of varying time, if the film 
behaved ideally. Fig. 4 illustrates the 
procedure for obtaining a calibration 
curve for the film. Film density is 
plotted as a function of fractional 
light transmission of the filter. If film 
density is a function only of inte- 
grated light exposure, relative count- 
ing rate and the fractional light 
transmission of the filter can be in- 
terchanged for a given exposure 
density. With this assumption, a cali- 
bration curve for relative counting 
rates may be taken from a plot such 
as Fig. 4. 

In making the calibration tests, it 
was convenient to have a source of 
pulses with a reproducible spectrum 
of heights, but variable in rate. It 
can be shown that if a sine wave is 
applied to the vertical deflection 
plates of an oscilloscope and the 


sweep triggered by a source of ran- 
dom pulses, the resultant distribution 
in amplitudes of the oscilloscope 
sweeps is given by: 
Adv 
where 

A = normalizing factor 
v = fraction of maximum vertical 

amplitude 
number of sweeps having am- 

plitudes between v and v 

The known distribution of pulse 
heights obtained in this manner was 
used for all laboratory calibration 
tests. 


dn 


EXPERIMENTAL WORK 


STRATA EXAMINED 


The equipment described in the 
foregoing section was used in the 
field to determine the gamma-ray 
spectra of several zones in each of 
five wells. The zones and wells se- 
lected presented a variety of test con- 
ditions. The strata examined ranged 
in geclogic age from Tertiary to 
Pennsylvanian. Geographically, the 
wells selected for tests were in the 
upper Texas Gulf Coast, East Texas 
and West Texas areas. Lithologically, 
the strata included shales, sands, 
shaly sands, and limestones. The lith- 
ologic identification was made in 
nearly all cases from the electric log, 
so that the accuracy of the lithologic 
description was limited by the accu- 
racy of the log interpretation. Selec- 
tion of the zones examined was made 
with several objectives in view. A reef 
limestone was selected in a well in 
West Texas as being a material likely 
to contain little or no potassium. 
Gamma-ray spectra from materials 
in which one or more of the natur- 
ally radioactive components are miss- 
ing are of value in the interpretation 
of the more complex spectra found 
when all components are present. In 
some cases, it was possible to select 
for examination shale sections of dif- 
ferent geologic ages in a single well. 
Spectral examination of these sec- 
tions permitted comparison of the 
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proportions of various radioactive 
elements present in similar materials 
of different age. 


Sand sections were included in or- 
der to determine whether there are 
significant differences in the relative 
proportions of radioactive elements 

in sands and in shales. Attempts 
~ were also made to examine zones of 
abnormally high radioactivity, such 
as the lignite stringers found in the 
Gulf Coast area. Unfortunately, these 
stringers occurred in only one of the 
wells logged, so that adequate data 
were not obtained in zones of ab- 
normally high radioactivity. Zones of 
low activity were also included in or- 
der that information might be ob- 
tained on the contribution of radio- 
active material normally present in 
drilling fluids. 


FIELD PROCEDURES 


Wherever possible, the zones in 
which spectra were to be recorded 
were selected in advance from a 
study of the electric log. A conven- 
tional gamma-ray log was then made 
while the tool was going into the 
hole, so that depths indicated by the 
radioactivity log could be correlated 
with depths shown by the electric 
log. On reaching total depth, the 
scintillometer was raised step-wise in 
the hole to each sample level, and a 
sufficient amount of counting time 
was usually spent at each level to 
allow the accumulation of about 
15,000 counts from gamma rays hav- 
ing energies above about 1 million 
electron volts. It was determined ex- 
perimentally that this number of 
counts provided acceptable statistics 
over the entire pulse height distribu- 
tion. The time required for the accu- 


ergy calibration was made before the 
tool was placed in the hole, through 
the use of a standard source of 
known energy, such as cesium 137. 
The height of the pulses due to the 
standard source was observed on the 
oscilloscope, and the controls of the 
equipment were set so that the 2.62- 
mev gamma ray from thorium would 
not overload any portion of the 
equipment. Reference exposures were 
then made of the pulse height dis- 
tributions due to standard sources 
of potassium, thorium, and radium. 
These pulse height distributions 
served as a permanent record of the 
over-all gain and linearity of the field 
equipment. The standard source dis- 
tribution should have also provided 
a reference standard through which 
the absolute counting rates in various 
wells could be compared. Malfunc- 
tions of certain portions of the equip- 
ment, however, limited the usefulness 
of the standard exposures for abso- 
lute comparison of data taken in dif- 
ferent runs. 


RESULTS AND 
INTERPRETATION 


SPECTRA OF GAMMA Rays 
FROM SEDIMENTS 


To facilitate discussion of experi- 
mental results, consideration will be 
given to some of the factors which 
affect the nature of the pulse height 
distribution from a scintillation coun- 
ter when the counter is exposed to 
the natural gamma radiation in a 
borehole. Complexities are introduced 
by self-absorption of gamma rays in 
the sediments containing the radio- 
active materials and by the multi- 
plicity of gamma rays emitted by the 
sediments. A ray originating at a dis- 
tance from the detector suffers a high 
probability of interacting with ma- 


terial comprising the sediments en-- 


route to the detector. In some of 
the interactions, the gamma rays lose 
all of their energy and become ex- 
tinct, while in others only partial ab- 
sorption is effected, and the degraded 
gamma continues to exist. The 
amount of energy lost depends on 
the manner in which the interaction 
occurs and may have any value from 
zero to the primary energy of the 
gamma ray, excluding a narrow 
range of energies (just below the 
primary value) which are precluded 


by the necessity of conservation of 
momentum. Thus, on passage of 
monoenergetic gamma rays through 
matter, a continuous distribution of 
gamma-ray energies is generated. 
The effect of self-absorption is most 
pronounced at low energies. 


From the standpoint of spectral 
analysis, the salient feature of self- 
absorption is the reduction of effec- 
tive resolution which it introduces 
into the spectrum. It is difficult to es- 
timate the degree to which resolution” 
suffers as a result of self-absorption. 
Analytical solution of the problem of 
distribution in gamma-ray energies 
after passage through a thick ab- 
sorber has been attempted with vary- 
ing degrees of success by a number 
of workers.” The validity and util- 
ity of the results are so limited by 
approximations introduced that the 
empirical approach is the only prac- 
tical one at this time. 

Early work in the field indicated 
that the effect of self-absorption of 
gamma rays with energies greater 


than about 1 mev was not severe. Be- 


low energies of 1 mev, scattering 
from self-absorption was found to re- 
sult in the pulse height distribution 
being a continuum having no charac- 
ter and no apparent analytical value. 

To aid in interpreting the spectra 
obtained from naturally radioactive 
materials, the gamma rays emitted by 
potassium and members of the ura- 
nium and thorium series are tabu- 
lated in Table 1. The table lists, 
where available, the relative number 
of quanta/sec/cm’ of particular ener- 
gies to be expected from a shaly 
formation containing 1 per cent 
potassium, 4 u-gm of uranium per 
gram of sediment, and 15 w-gm of 
thorium per gram of sediment. The 
concentrations of uranium and thor- 
ium chosen are approximate average 
values reported by other workers,”*"” 
while the content of potassium is 
considered to be a reasonable one 
that might be encountered in many 
shales. The relative abundances of 
the gamma rays have been adjusted 
approximately to account for ab- 
sorption in the sample, but absorp- 
tion by mud in the borehole has been 
neglected. Gamma rays of less than 
1 mev have been omitted, as they 
have no analytical value in field 
work. Also listed in the table are 
energies at which diagnostic charac- 


mulation of the desired number of 


: s TABLE 1 — GAMMA RAYS EMITTED 
counts was generally ea the neighbor- Concentration Gamma-Ray Edge of Compton 
hood of 15 minutes. of Element, Energy, ‘ Scattering, 
A d gm/gm sediment mev Quanta/sec/cm? mev 
In order that proper setting coul 10-2 1.45 43 x 10-3 123 
be made of gain controls on the sur 133 
2.20 


face equipment, an approximate en- 
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teristics, due to partial loss of gamma 
ray energy in the detector, should oc- 
cur in the scintillation counter pulse 
height distribution. 


EXPERIMENTAL RESULTS 


In the pulse height distributions 
obtained in the field, four prominent 
peaks were found to be developed 
in the region above an energy of 
about 1 mev, while no well resolved 
peaks occurred at lesser energies. The 
peaks in the distribution occurred at 
energies assignable to potassium and 
to the uranium and thorium series: 
the 1.45 mev peak to potassium, the 
1.76 and 2.2 mev peaks to a daugh- 
ter of uranium, and the 2.62 mev 
peak to a daughter of thorium. Minor 
peaks were noted at some lower en- 
ergies, but in these cases the general 
background counting rate was so 
high as to make the peaks of doubt- 
ful analytical value. Densitometer 
tracings of two typical field test ex- 
posures of the radiation at a depth 
of about 2,000 ft in a Gulf Coast 
well are given in Fig. 5. Tracing (a) 
gives the distribution in pulse heights 
up to an energy of about 1 mev, 
tracing (b) the distribution from 
about 1 mev upwards. 


To simplify presentation of data, 
relative counting rates have been cal- 
culated for the four peaks in the 
pulse height distribution for each 
sample and are tabulated in Table 
2, along with sample descriptions. In 
the computations, the counting rate 
at 1.45 mev (potassium 40) has been 
arbitrarily assigned a value of unity 
for each sample. Counting rates at 
other energies were calculated rela- 
tive to that at 1.45 mev for each 
sample. The relative counting rates 
tabulated were taken from the total 
rate at each peak; no attempt was 
made to correct counting rates at the 
lower energies for contributions of 
the higher energy gamma rays. In the 
absence of this and other corrective 
factors, actual relative concentrations 
of potassium, thorium, and uranium 
cannot be determined. However, the 
data, as presented, reflect any varia- 
tions in the relative concentrations of 
potassium, thorium, and uranium. 
Discussion of the results is based on 
variations in the relative concentra- 
tions of the elements in the forma- 
tions tested. 

The long shale sections of the 
Gulf Coast Well C, and the East 
Texas and West Texas wells ex- 
hibited remarkable uniformity, dem- 
onstrating the absence of local varia- 
tions in relative uranium, thorium, 
and potassium contents in these form- 
ations. The relative distributions in 


34 


Per Cont Tronsmission 


| 

1 

0 0S 1.0 0 0.5 7.0 15 
Gorma Roy Energy, Mev 


18 2.2 267) 
2:0: 


Fic. 5 — TyPICAL GAMMA-RAY 
SPECTRUM. 


the various wells appeared to con- 
trast to some extent, but it is not 
possible, at present, to determine the 
significance of variations from well 
to well. Hence, it is best to interpret 
the results from each well individu- 
ally. 

In some instances, the distribution 
in sands appeared to differ from that 
in shales. The lack of contrast of 
some sands from shales may be due 
to errors in classifying the formation 
material, or in locating the downhole 
equipment adjacent to the desired 
sample section. Notable among the 
sands that did differ in distribution 
of gammas from the shales is the 
sand at approximately 5,000 ft in 
the East Texas well. There were also 
significant variations among the five 
shallow zones tested in Gulf Coast 
Well A. Here, however, the relative 
potassium, thorium, and uranium 
values did not seem to vary in any 
orderly fashion from sand to shale. 
Some of these measurements were 
made behind casing and were influ- 
enced by the shielding effect of the 
casing. 

The lime of the West Texas well 
differed in gamma-ray distribution 
from the shales. The peak at 1.8 
mev, which is due to uranium and 
thorium, was relatively high, indi- 
cating a low concentration of potas- 
sium. Time did not permit accumu- 
lation of a sufficient number of 
counts to determine the counting 
rates for the two highest energy gam- 
ma rays. The contrast from lime to 
shale was not as sharp as was ex- 
pected. Lack of better resolution of 
the limestone was probably due to 
the radioactivity of the mud in the 
borehole. The muds have distribution 
of radioactive materials similar to 
shaly formations and contribute an 
appreciable fraction of the radio- 
activity detected in zones of low ac- 
tivity such as limestones. 

Data from the five initial test wells 
have served to demonstrate that gam- 
ma-ray spectra of subsurface forma- 


tions can be determined, that a prac- 
tical degree of resolution of the gam- 
ma rays can be effected, and that, in 
some cases, different formations can 
be distinguished by their characteris- 
tic distributions of radioactivity 
among the three natural sources. The 
completeness with which the data can 
be interpreted is limited by several 
factors, including effects of self-ab- 
sorption previously discussed, and 
the inherent limitations of resolving 
power of currently available scintil- 
lation counters. Also, as is always 
true of experimentally determined 
quantities, some errors in the data 
are due to the instrumentation. A 
brief discussion of some of the ex- 
perimental errors is given below. 


INSTRUMENTAL EFFECTS 


Some difficulty is encountered in 
comparing relative distributions from 
well to well. During the course of the 
experiments, some modifications were 
made to the equipment, operating 
procedures, and calibration of the 
photographic pulse height analyzer. 
The magnitude of the effects of these 
modifications is indeterminate. 

With the exception of the Gulf 
Coast Well B, the comparison of rel- 


TABLE 2 — RELATIVE COUNTING RATES 
Gamma Ray Energy: mev 
1.8 2.2 25 


Forma- 1.5 

Depth tion Relative Counting Rates 

Gulf Coast 

Well A 
2200 shale 1 0.14 wz 0.14 
2100 sand 1 0.19 0.17 0.19 
2062 shale 1 0.24 0.25 0.26 
1790 sand 1 0.30 0.17 0.19 
1700 shale 1 0.30 29 0.30 

Gult Coast 

Well B 
5280 shale 1 0.27 0.14 0.045 
5260 sand H 0.18 0.12 0.043 
5200 shale il 0.32 0.19 0.071 
5176 sand 1 0.33 0.25 0.10 
5138 lignite 1 0.67 0.55 0.20 
5136 lignite 1 0.84 0.50 0.23 
5065 shale 1 0.24 0.18 0.081 
4932 shale 1 0.27 0.20 0.091 
4855 shale 1 0.33 0.27 0.12 
4726 shale 1 0.66 0.32 0.20 
4350 shale 1 0.33 0.13 0.067 
4066 shale 1 0.33 0.20 0.090 

Gulf Coast 

Well C 
5250 shale 1 0.44 0.37 0.37 
5210 sand 1 0.39 0.36 0.36 
5195 shaly 1 0.44 0.41 0.37 
5162 shaly 1 0.40 0.33 0.33 
4910 shale 1 0.44 0.37 0.37 
4712 shale 1 0.48 0.40. 0.40 
4710 shale 1 0.46 0.42 0.38 
4337 shale 1 0.48 0.44 0.40 

East Texas 

Well 
4780 sand 1 .54 0.40 0.34 
4200 shele 1 0.40 0x82 0.27 
3200 shale 1 0.48 0.37 0.35 
2400 shale 1 39 0.30 0.27 

West Texas 

Well 
5605 lime 1 0.45 — — 
5540 shale 1 0.35 0.25 0.18 
5490 shale 1 0.36 0.26 0.19 
5300 shale 1 0.37 0.22 0.17 
4900 shale 1 0.45 0.33 0.26 
4710 shale 1 0.39 0,27 0.20 
4500 shale 1 0.39 0.27 0.20 
4300 shale 1 0.40 0.30 0.23 
4100 shale 1 0.36 0.23 0.21 
3900 shale 1 0.39 0.29 0.18 
3750 shale 1 0.39 0.27 0.20 
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ative rates among formations in a 
given well may be made with reli- 
ability. Inspection of the data from 
Well B showed that the scintillometer 
was not working properly during the 
run. Erratic shifts in gain were ap- 
parent from the pulse height distribu- 
tion, and the data from this well are 
included only for qualitative value 
and the sake of completeness. 

Drift in the gain of the bottom- 
hole equipment occurred to some ex- 
tent on all runs. The gain of the 
equipment is sensitive to the ambient 
temperature of the surroundings, so 
that drift occurs for some minutes 
after the scintillometer is moved from 
one zone to another. The magnitude 
of the effect of drift is difficult to es- 
timate. Qualitatively, the peaks are 
smeared and resolution of the sys- 
tem reduced. As a result of the 
smearing, the height of a peak is 
also altered, introducing some error 
into the relative pulse height distribu- 
tions. Although the magnitude of the 
—- error is indeterminate, it is probably 
less than 5 per cent in most cases. 
If allowance be made for statistical 
errors, it is likely that the uncer- 
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tainty in relative rates for a particu- 
lar energy in a given well is in the 
neighborhood of about 10 per cent. 


CONCLUSION 


Fram the work described in this 
report, it may be concluded that with 
available scintillation logging equip- 
ment, the gamma rays from potas- 
sium and from the uranium and 
thorium series can be resolved suffi- 
ciently to permit determination of 
relative concentrations of these ele- 
ments, if the elements are uniformly 
distributed in the formation. 
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ERA CT 


In the course of an investigation of lost circulation, 
a new tool has been developed which gives a qualitative 
measure of the relative velocity between the fluid 
column in the borehole and the tool. The position of a 
diaphragm in the side wall of the instrument depends 
on the flow through the device. This position is es- 
tablished by using the conductive borehole fluid in a 
potentiometric circuit. The instrument has high sensi- 
tivity and can detect changes in velocity as low as 
5 ft/min. Lost circulation mud additives do not inter- 
fere with the satisfactory performance of the tool. 


In a number of circulation losses of the pressure in- 
duced type, the instrument has shown that the_losses 
were confined to extremely narrow zones (less than 1 
ft), indicating that such ruptures occur in a more or 
less horizontal rather than vertical plane as has often 
been assumed. 


This pinpointing of the zone of loss is important in 
remedial procedures since it allows the treatment to be 
applied directly to the point of loss rather than to the 
entire open hole. 


The device can also be employed for indicating points 
of entry of water in producing wells. 


INTRODUCTION 


The need for an improved means of locating the 
positions of lost returns zones became evident during 
an investigation of lost circulation difficulties in the 
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Gulf Coast area.’ With instrumentation available at 
the time, it had been learned that, contrary to common 
belief, the position of the thief zone responsible for a 
given loss seldom coincided with the point of bit pene- 
tration at the time the loss was encountered. In the ma- 
jority of cases, the losses were found to be occurring 
at some distance removed from the bottom of the hole 
—sometimes as much as a few thousand feet. 


This information, along with other observations made 
during the investigation, led to improved techniques” 
for dealing with lost circulation problems. Highlighted, 
however, among the results of this work and of similar 
studies subsequently conducted in drilling operations in 
other parts of the country, was the indication that a 
considerable portion of the difficulty and expense in- 
volved in treating prolonged circulation losses is due 
to the unsystematic application of remedial measures 
to one or more apertures of unknown position. 


BASIS OF TESTS 


It is worth considering that if the troublesome forma- 
tion could somehow be transported to the surface where 
it could be directly observed, there would likely be lit- 
tle difficulty in readily effecting a seal. Although this is 
a decided oversimplification of the situation, it does 
appear that the chief obstacles to similar ease of han- 
dling of a lost circulation zone in a well are lack of 
visibility and of ready accessibility. The latter handicap 
is overcome to a considerable extent by placement tech- 
niques already in use, and other procedures now in the 
process of development are expected to offer further im- 
provement. But in the matter of visual observation, the 
technique to be presently described appears to afford 
a quite satisfactory substitute. 


1References given at end of paper. 
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The locating methods employed in the earlier stages 
of the lost circulation investigation, to which reference 
has been made, possessed certain shortcomings. While 
it is true that without their use much valuable infor- 
mation could not have been secured, it is also true that 
in a number of instances they were inoperative and in 
others failed to yield conclusive data. One procedure 
which involved a rotary paddle actuated by the falling 
mud column operated satisfactorily when the drilling 
mud was clean and the rate of loss was sufficiently 
great. However, if the drilling fluid contained appre- 
ciable quantities of sealing agents, as is usually the case 
in a lost returns situation, the instrument became 
clogged and failed to function. In addition, some of the 
slower losses could not be detected by the instrument. 


METHODS AND TECHNIQUES 


Temperature survey techniques were quite helpful in 
several instances, and in these cases presented sufficient 
information for the application of conventional remedial 
measures. However, such surveys were sometimes sub- 
ject to misinterpretation and, in wells of low tempera- 
ture gradient, failed to yield discernible temperature 
anomalies. Even in the hotter wells, the temperature 
anomalies were usually too broad on the depth scale to 
be useful in occasions where it was desired to correlate 
the lost circulation zone with formation data from the 
electric log. 


Brief trials were made with a radioactive tracer 
method, but the results obtained were not particularly 
informative. After some additional consideration of the 
potentialities, further effort in this direction was sus- 
pended due to the indications that such methods were 
rather time-consuming and frequently produced incon- 
clusive results. 2 


In the course of efforts to devise a locating method 
free from the deficiencies outlined, the present lost 
circulation detector was developed. The instrument has 
been successfully employed in locating a number of cir- 
culation losses, most of which have involved mud fluids 
containing considerable quantities of sealing agents. 


The instrument has high sensitivity, being capable of 
locating the limits of a lost circulation interval with an 
accuracy of about 6 in. at flow rates as low as 5 ft/min. 
The time required to make a locating survey will vary 
somewhat, but on an average can be accomplished in 
about one hour exclusive of set-up time. A detailed de- 
scription of the instrument and some typical records of 

_its field performance are contained in the following sec- 
tions of this paper. 


GENERAL DESCRIPTION OF THE INSTRUMENT 


A schematic diagram of the instrument is shown in 
Fig. 1. It consists of a thin-walled cylinder with a win- 
dow in the middle. The top of the cylinder connects to 
the adapter plug of a conventional logging truck. Large 
fluid vents at the top allow well fluid to enter the inside 
of the cylinder. 


When there is fluid motion in the downward direc- 
tion, the flow through the instrument is restricted by 
the small (114 in.) opening at the bottom. The pres- 
sure inside becomes greater than that outside, thus 
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causing a tendency for fluid to flow out through the 
window. This pressure differential is detected by meas- 
uring the position of a flexible membrane which ob- 
structs but does not completely close the window area. 
Since the effective pressure differential may be less than 
a few hundredths of an inch of water and space does 
not permit use of a circular diagram large enough in 
diameter to give the required pressure sensitivity, a 
flexible strip clamped at the top and bottom on the 
window is used. The edges of the strip are not anchored, 
and they clear the side edges of the window by a small 
fraction of an inch. This arrangement produces a sen- 
sitive diaphragm, the stiffness of which may be adjusted 
by varying the amount of stretch of the strip before 
clamping. 

To achieve the ultimate in simplicity, the means 
chosen to measure the position of the strip is electrical, 
using the conducting borehole fluid in a potentiometric 
circuit. Fig. 2 shows the arrangement of the electrodes 
and membrane. A lead button is attached to the center 
of the strip and is used as a movable electrode between 
two similar electrodes attached to insulated frame mem- 
bers about 3/16 in. on either side of the strip. A poten- 
tial difference is applied across the outer fixed electrodes 
and current paths are set up using the well fluid as a 
conducting medium. When a pressure differential is set 
up by fluid motion, the change in position of the cen- 
ter electrode is detected by noting a change in the poten- 
tial difference between the center and inner electrode. 
If the indicating device at the surface requires no actu- 
ating current as in a potentiometric recorder at bal- 
ance, the indications are not affected by changes in 
fluid conductivity. Hence this is the desired type of in- 
dicator. If, however, a galvanometer indicator is used, 
it should be of high impedance to minimize the influ- 
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ence of the fluid-conductivity on the indicator readings. 

The instrument, as currently designed, is for use with 
the cable and galvanometer recorder of one of the elec- 
tric logging service companies. A change of flow is 
noted by a change in a galvanometer deflection. Fig. 3 
shows the schematic wiring for one type of recording 
unit employed. If other types of cable and recorders are 
used, the adapter plug at the top of the instrument 
should be replaced with a suitable adapter and the cir- 
cuit connections for recording may be the equivalent of 
Fig. 3 or a potentiometric circuit. 


FIELD OPERATION 


Tests with the instrument have shown that the maxi- 
mum sensitivity to velocity changes occurs when the 
fluid flow past the instrument is between 600 and 1,200 
ft/hr. Thus, it is impractical to detect zones of loss by 
a general hole survey moving the instrument up the 
hole and continuously observing the electrical indication 
of the position of the diaphragm. However, since the in- 
strument can detect change of flow when stationary in 
the borehole, the recommended field procedure is to 
determine the change of flow with mud pumps on and 
mud pumps off at fixed stations. 

Initially the stations are at 500 to 1,500-ft intervals, 
starting near the bottom of the surface casing and mov- 
ing down the hole until below a zone of loss. The width 
of the interval found to contain a zone of loss can be 
cut in half by setting the instrument at the center of the 
previously known interval and then determining if the 
zone is above or below the instrument. This process can 
then be repeated until the known interval is bracketed. 
The final position of the zone of loss can also be de- 
termined by continuously recording the flow indication 
while moving up the hole at a rate of 600 ft/hr through 
an interval 10 ft or more in width. Both methods are 
described. 


If there is sufficient change in velocity at a second 
zone of loss above the bottom zone, it is possible to de- 
termine the location of the second zone by adjusting 
the mud pump rate to such fluid velocity as to bring 
the instrument to the proper sensitivity. In uncased 
holes having more than one zone of loss, it is desirable 
for best accuracy to have a caliper log of the hole so 
that test stations can be made at positions in the hole 
where the diameters are approximately the same. 


Field tests show that the instrument can occasionally 
become clogged with the additives used to treat lost re- 
turns. However, a simple velocity calibration, made 
while approaching each station, tells the operator 
whether or not the instrument is clogged. When clogging 
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occurs the instrument can be cleaned by moving it up 
and down the hole at a rate of 4,000 to 20,000 ft/hr for 
a 50 to 100-ft interval. Unclogging is noted when there 
is an apparent change in flow while in motion. 


FIRST TRIAL OF THE INSTRUMENT 


The preliminary field testing of the instrument was 
made in a salt water disposal well. The top and bottom 
of a 10-ft section of perforations were successfully 


found. 
TEST DATA 
Well: Pierce Junction field, Texas 
Total Depth: 3,160 ft 
Casing Size: 7 in.-26 |b 
Perforations: 2,900 to 2,910 ft 
Mud Pump: Duplex with 5 in. liners and 8 in. stroke, 
1-9/16 in. rods. 

The test data using the instrument are shown in 
Table 1. Stations were taken at depths from 2,921 to 
2,896 ft. Note that no change in galvanometer deflection 
is observed until the instrument is at 2,910 ft. The de- 
flection increases in amplitude (indicating more flow) 
at each station up to 2,900 ft and thereafter remains 
constant. Note also that when the instrument is on 
the most sensitive portions of its velocity scale (at sta- 
tion 7, depth 2,906 ft) the pump strokes are clearly 


evident. 
LOST RETURNS TEST — TIMBALIER BAY, LA. 


The first test of the instrument on a drilling well was 
made at Timbalier Bay, La. A comparison was made 
between the temperature survey method for locating 
the zone of loss and the survey with the new instru- 
ment. The temperature survey was run first and the zone 
of loss was determined as somewhere between 5,000 
and 5,100 ft. The flow detecting instrument was then 
used and the zone of loss definitely located at a depth 
of 5,067 ft. 

FIELD DATA 
Well: Timbalier Bay field, La. 
Depth: 10,607 ft 
Casing: 3,003 ft-1034 in. 
Mud Pump: Duplex 7 in. liner, 20 in. stroke, 0.3 bbl/stroke 

The test data using the instrument are shown in- 

Table 2. The observed deflection for stations 5 through 
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9 are shown in Fig. 4. These were recorded by the log- 
ging truck, using the hand crank of the footage indica- 
tor so that the scale is in time—with the time increasing 
right to left. When any part of the instrument is op- 
posite the zone of loss, some indication of flow will be 


seen. 
At station 6 (5,071. ft) no flow was indicated. 
At station 7 (5,068.5 ft) the top of the instrument was op- 
posite the zone and the flow caused a long period deflec- 
tion of a very low amplitude. The window was below the 
zone of loss: the indicated deflection was due to the sway 
of the instrument. 
At station 8 (5,067 ft) an appreciable deflection but less 
than that for full flow is evident. This type of record 
occurs when the window is opposite the zone of loss. 
At station 9 (5,066 ft) full flow is indicated and the 
instrument is above the point of loss. 
From the above data, it may be seen that the depth 
to choose for the zone of loss is the depth at which 
positive evidence of partial flow occurs (station 8) 


using the center of the window as the reference zero. 


LOST RETURNS TEST—WHEELER COUNTY, TEX. 


The instrument located two zones of loss in a drilling 
well in Wheeler County, Tex. This well presented a 
rather unusual problem in that the drilling fluid was 
very viscous and would rapidly develop a high gel when 
not in motion. A velocity calibration showed how the 
instrument behaved under these conditions. A velocity 
of 700 ft/hr was not sufficient to break down the gel 
within the instrument so that there was no apparent in- 
dication of flow. With a velocity of 1,500 and 3,000 


ft/hr, indication of flow occurred. 


FIELD DATA 
Well: Wheeler County, Tex. 
Depth: 9,962 ft 
Casing: 4,492 ft-95% in. 
Mud Pump: 0.15 bbl/stroke. 


TABLE 1—LOCATION OF PERFORATIONS 
PIERCE JUNCTION FIELD, TEX. 
Galva- Galva- 
nometer* nometer* 
Depth Deflection Deflection Pump Rate 


Station Ft “Pumps Off Pumps On Strokes/Min Note 

1 2,921 37 

2 2,915 —0.3 —0.3 37 

3 2,912 37 

4 2,911 37 

5 2,910 —0.3 = 0.1 37 

6 2,908 —0.2 +0.2 37 Oscillation* * 

7 2,906 =0.2 +4.0 38 High Oscillation*** 

8 2,904 —0.3 +10.7 38 Oscillation 

9 2,902 —0.2 +11.6 38 Oscillation 
10 2,900 = +12.8 38 Oscillation 
11 2,898 == + 13.0 38 Oscillation 
12 2,896 —0.1 +13.1 38 Oscillation 


*Full scale galvanometer deflection is 20 divisions. 
**Oscillations due to pump strokes about 0.4 division peak to peak. 
®**Oscillations due to pump strokes about 6.0 divisions peak to peak. 
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TABLE 2—DETERMINATION OF ZONE OF LOSS 
TIMBALIER BAY, LA. 


Galva- Galva- 
nometer* nometer* 
; Depth Deflection Deflection Pump Rate 
Station Ft Pumps Off Pumps On Strokes/Min Conclusion 

1 3,003.0 0 6.5 1205 Flow 

2 5,050.0 =2.0 3.5 10.5 Flow 

3 5,100.0 12.0 No Flow 
4 5,075.0 —4.0 —4.0 12.0 No Flow 

5 5,066.0 —4.0 +2.0 12.0 Flow 

6 5,071.0 12.0 No Flow 
7 5,068.5 — 3:0 —3.0(avg)** 10.0 No Flow 

8 5,067.0 + 0.3(avg) 10.0 Partial Flow 
9 5,066.0 ih) +4.0 10.0 Full Flow 


Conclusion: Zone of loss occurs at 5,067 ft. 

*Full scale galvanometer deflection is 20 divisions. 

**Oscillations are low frequency 50 second period due to top of instru- 
ment being opposite zone of loss. 


Two zones of loss were located. Both zones were 
very narrow bands (less than 6 in. which is the limit 
of measurement of the instrument). 


Fig. 5 shows samples of the observed deflections 
which located the top zone of loss. At station 8 (4,712 
ft) partial flow occurred and the pump strokes are vis- 
ible; at station 13 (4,711 ft) full flow is present (note 
that the deflection of Trace A builds up and goes off 
scale as the pressure builds up in the well). Fig. 6 taken 
when moving down the hole with the pumps on at 18 
strokes/min shows the bottom zone of loss occurred 
at 4,785 ft. 


LOST RETURNS TEST — WASHAKIE CO., WYO. 


FIELD DATA 


Well: Washakie County, Wyo. 

Depth: 7,735 ft 

Casing: 1,200 ft-95 in. 

Pump Rate: 10 strokes/minute 

Pressure: A surface pressure of 600 psi? at 10 strokes/minute. 


The location of the zone of loss was made while movy- 
ing the instrument up the hole at a rate of 600 ft/hr 
using a pump rate of 10 strokes/minute. The recording 
on the right in Fig. 7 was made for this run. The sud- 
den change in deflection from an average of —4 to +12 
divisions indicates a zone of loss at a depth of 7,715 ft. 

The location of the zone of loss was confirmed by 
lowering the instrument, using a velocity of 600 ft/hr 
and a pump rate of 10 strokes/minute. The recording 
on the left in Fig. 7 was made for this run. The sud- 
den change in deflection from an average of nine di- 
visions to an average of —3.5 divisions indicates the 
zone of loss to be a depth of 7,713.5 ft. The 1.5 ft 
difference in indicated depths obtained while moving 
down the hole and up the hole is due to slack in the 
cable. The true depth to the zone of loss is 7,715 ft. 
Note that the zone of loss is a very narrow band (less 
than 6 in.). The instrument accuracy does not allow 
a resolution of a point of loss to better than 6 in. 


DISCUSSION 


The detailed results that have been described were 
obtained in a few field trials in which it was desired 
to preserve permanent records of the information. 
Though the data were not collected in similar detail, 
the device has been employed with equally successful 
outcome in a number of other incidents of lost circula- 
tion. For most cases the location can be accomplished 
with pencil jottings of the observations without resort- 
ing to recording which consumes additional time and 
drilling fluid. It should be mentioned that the instru- 
ment has been run in drilling muds containing as much 
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as 25 lb/bbl of fibrous and flaky lost circulation addi- 
tives without particular difficulty. 

The use of this tool has, in general, resulted in sav- 
ings in rig time and mud materials. The information 
obtained with the device has been particularly useful in 
the treatment of losses in long open hole sections. Lo- 
cation of the point of loss bas permitted setting the drill 
pipe immediately above the thief zone and properly 
spotting the remedial treatment. Setting the pipe near 
bottom on the assumption that the loss is occurring 
there involves the hazard that sealing materials pumped 
above the bottom of the pipe may cause it to stick. On 
the other hand, pumping slugs of sealing agents with 
the pipe set near the bottom of the protective casing 
usually involves losses of large volumes of mud and 
reduced effectiveness of the treatment due to dilution. 


VALUE OF LOCATING ZONES OF Loss 


In one application of the detector, it was found that 
the loss was occurring just at the base of an interme- 
diate casing string, indicating that the lower part of the 
cement sheath was defective. The situation was reme- 
died by a squeeze-cement job, thus avoiding the consid- 
erable loss in mud materials and drilling time which in 
all probability would have been entailed in treating the 
incident as a conventional circulation loss. 
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A particularly apt example of the value of locating 
the zone of loss is the case of a well that began losing 
circulation as drilling approached 10,000 ft. There was 
reason to believe that a porous formation with pro- 
ductive potentialities had been entered. Although 300 
ft of drilling remained to reach the projected total 
depth, consideration was being given to the setting of 
casing to protect the possible pay. However, before 
making the decision, the lost circulation detecting in- 
strument was flown to the locality and a survey was 
made. The loss was found to be occurring at a much 
shallower horizon (near 4,800 ft) in which persistent 
losses had been encountered earlier in the drilling. A 
simple spot treatment with highly gelled drilling mud 
served to retard the loss and the well was drilled to total 
depth without further incident. 


PRESSURE-INDUCED LOSSES 


That lost circulation into porous zones may obscure 
petroleum reservoirs is borne out by the history of ro- 
tary drilling in West Texas. In this region several forma- 
tions, which in times past were noted chiefly as trou- 
blesome lost cireulation zones, have become recognized 
in more recent years as important producing horizons. 
For this reason some operators in the area have adopted 
the practice of conducting a drill stem test as soon as 
possible after a loss of circulation is encountered in or- 
der to avoid the possibility of flooding out a pay. Since, 
pressure-parting losses and the delayed breakdown of 
formations previously drilled also occur in such areas, 
the use of a locating device could result in savings in 
time, and at least a partial avoidance of the hazards as- 
sociated with open-hole testmg. 

In connection with pressure-induced losses, it might 
be of interest to note that the lost circulation detector 
under discussion has, because of its high sensitivity, 
provided some enlightening information on the geome- 
try of the fractures involved in such losses. In every 
instance of lost circulation of this type that has been 
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investigated with the instrument, the loss has been found 
to be sharply confined to an interval of 1 ft or less in 
thickness, suggesting that such ruptures occur predomi- 
nantly in a more or less horizontal plane. 

This information also suggests the possibility that 
the device may be advantageously employed for the lo- 
cation of other pressure-induced fractures, i.e., those in- 
volved in hydraulic fracturing processes for increasing 
production. By altering some parts of the electrical cir- 
cuit, the instrument can be made to function in a non- 
conducting fluid. In this form the tool might serve to 
clarify some of the uncertainties associated with the 
production improving techniques, particularly with re- 
spect to orientation and multiplicity of fractures. 

Still another possible application for the instrument is 


being considered. This has to do with the matter of lo-| 


cating points of entry of formation water in producing 
wells. Such data would be very helpful in applying water 
shut-off treatments and in other workover procedures. 


CONCLUSIONS 


The precision with which the present instrument can 
locate thief zones makes possible a more enlightened 
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approach to the handling of lost circulation difficulties. 
The availability of such a device is expected to lead 
to the development of improved spot-treating methods 
for arresting circulation losses. The instrument also has 
potential utility in hydraulic fracturing and workover 
operations. 
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The DETERMINATION of PARTIAL PRESSURE MAINTENANCE 
PERFORMANCE by LABORATORY FLOW TESTS 
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ABS A 


Laboratory model flow tests have 
been made to simulate field condi- 
tions of partial pressure maintenance 
by dispersed gas drive on rocks hav- 
ing sandstone-type porosity. In this 
production method there is a signift- 
cant saturation gradient between in- 
jection and production wells. A means 
of calculating relative permeability 
characteristics from partial pressure 
maintenance flow. tests has been de- 
veloped. This method takes into ac- 
count the saturation gradient. These 
k,/k, characteristics are identical to 
those for solution and external gas 
drives. This method of calculation, 
which has been proved experimen- 
tally, has limitations; however, it is 
valid for cases likely to be encoun- 
tered in field prediction of partial 
pressure maintenance performance. 

The production performance of 
a hypothetical reservoir has been cal- 
culated for several different injection 
programs, involving both full and 
partial pressure maintenance. Results 
indicate that the maximum oil recov- 
ery by these gas injection programs 
is obtained by full pressure mainte- 


Original manuscript received in Petroleum 
Branch office on July 18, 1955. Revised manu- 
script received on Dec. 15, 1955. Paper pre- 
sented at Petroleum Branch Fall Meeting in 
New Orleans, Oct. 2-5, 1955. 
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nance at the original bubble point. 
Correspondingly lower oil recoveries 
are obtained by postponing gas injec- 
tion and/or by reducing the degree 
of pressure maintenance. 


INTRODUCTION 


Dispersed gas injection is an im- 
portant method of recovering addi- 
tional oil beyond that obtainable by 
pressure depletion alone. in- 
jected gas acts as a source of addi- 
tional energy to displace oil from 
the rock formation as well as to re- 
tard oil shrinkage in the reservoir. 
In practice, gas injection is usually 
started after the reservoir pressure 
has fallen below the original bubble 
point. For various reasons sufficient 
gas is generally not injected to com- 
pletely maintain the pressure in the 
reservoir. So, injecting gas at a de- 
clining reservoir pressure results in 
a combined external and solution gas 
drive. These two oil displacement 
processes are characterized by differ- 
ent gross saturation distributions in 
the reservoir. The external gas drive, 
like all frontal drive processes, inher- 
ently results in an oil saturation 
which increases from the injection 
wells to the producing wells. In the 
solution gas drive there is essentially 
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a uniform oil saturation throughout 
the reservoir, provided the field is 
being depleted uniformly. 


It has been customary to predict 
oil recovery performance under par- 
tial pressure maintenance by a 
method which does not take into 
account the saturation gradient’. It 
has been shown’ that neglecting the 
presence of a saturation gradient can 
cause considerable error. It is the 
purpose of this paper to develop and 
present an improved method of pre- 
dicting partial pressure maintenance 
performance of reservoirs including, 
where necessary, the effects of well 
arrangement. 

From the laboratory standpoint, 
this problem involves the measure- 
ment of the basic flow behavior 
(relative permeability characteristics) 
under partial pressure maintenance 
conditions. Recent research*® has 
shown that for rocks having sand- 
stone-type porosity, the relative per- 
meability characteristics are identical 
for solution gas drive and complete 
pressure maintenance external gas 
drives. Since both solution and exter- 
nal drives have the same basic flow 
behavior, it was speculated that par- 
tial pressure maintenance, being a 
combination of the two, would also 


1References given at end of paper. 
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have the same flow behavior. This 

speculation had to be proved experi- 
mentally. A method of calculating 
the relative permeability characteris- 
tics from partial pressure mainte- 
nance production data had to be de- 
veloped. One could also then utilize 
this method in the prediction of field 
partial pressure maintenance per- 
formance, using the appropriate field 
relative permeability characteristics. 


All of the studies reported here 
have been made under conditions 
which simulate field operations in a 
uniform sand in which there are no 
significant gravity effects. 


MATHEMATICAL TREATMENT 


Consider a unit volume of porous 
material of cross-sectional area, A, 
and porosity, f, in which gas is dis- 
placing oil. A material balance may 
be made upon the gas in the unit 
volume, considering both the free 
~ gas flowing and also the dissolved 
gas in the flowing oil. The material 
balance results in the following equa- 


tion: 
ox OQ; 
( ot ) Sg Af 


in which 

Ox 

= = linear rate of advance 

ot } s, 
of a plane of given 
gas saturation 

Q, = instantaneous gas vol- 

umetric injection 


Tate. 
(Zr). 
OS, Jt 1+ 
pai 
| 
0 (QO. Rs 
Ox Boe] 4 Af 


oP 0 


The term, ¥, is thus a complex com- 
bination of many factors. 

Let us assume that the term W is 
independent of time, and a function 
only of saturation. This is equivalent 
to stating that the relation of varia- 
bles in © is such that the whole term 
does not vary with time. The validity 
of this assumption will be discussed 
later. 


Eq. 1 is of the same form as that 
developed by Buckley and Leverett’ 
for the movement of a plane of given 
saturation due to constant rate injec- 
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tion into a system containing incom- 
pressible fluids. Treating Eq. 1 in the 
same marmer as Welge’ treated Buck- 
ley and Leverett’s basic equation, the 
following relationship may be estab- 


lished: 
as, 
(so) 


in which QO, = cumulative injection 
gas volume in pore volumes, mea- 
sured as the sum of the incremental 
injected gas volumes at the reservoir 
pressure at which they were injected. 
Eq. 2 is identical to that obtained by 
Welge for complete pressure mainte- 
nance. 


Eq. 2 indicates that partial pressure 
maintenance performance may be 
treated in the same manner as com- 
plete pressure maintenance. Use of 
Eq. 2 enables the determination of 
the producing end gas saturation, 
Sg’, in a laboratory partial pressure 
maintenance drive. From the produc- 


‘tion data, the k,/k, — gas saturation 


characteristics are determined. In 
much the same manner the prediction 
of field partial pressure maintenance 
production performance may be de- 
termined from the k,/k, characteris- 
tics of the system. 


EXPERIMENTAL WORK 


APPARATUS 


The rock samples to be tested were 
machined until they were cylindrical 


_and the ends squared. Grooved alu- 


minum end plates were placed at 
each end of the core and the assem- 
bly encased in a rubber diaphragm. 
The rubber-encased cores were then 
placed in steel pressure cells, and 
annulus pressure applied. 


The fluids used in these experi- 


ments were gas and oil. The gas was - 


96 per cent methane. The oil was 
a 200 psig bubble point solution of 
methane in a relatively pure mixture 
of paraffin hydrocarbons C,, H» and 
C,, H.,. Gas solubility in this oil at 
200 psig and 76° F is approximately 
50 scf/bbl of stock tank oil. 


PROCEDURE 


A diagram of the partial pressure 
maintenance hook-up is shown in 
Fig. 1. A piston-type displacement 
pump, equipped with a quick-change 
variable speed drive, was used to 
inject gas into the rock sample. The 
injected gas flowed first through a 
back-pressure regulator, which kept 
the gas pressure in the pump barrel 
constant at approximately 250 psig. 


A differential pressure regulator was 
connected across the core. This held 
the pressure drop across the core to 
20 psi. This arrangement permitted 
control of the gas injection rate, and 
allowed the core pressure to seek its 
own level. Experimental runs were 
made at different values of the injec- 
tion ratio, 7. The injection ratio, J, is 
defined as the fraction of the total 
produced gas (both free and solution 
gas) which is injected into the rock 
sample. As the production rate varied — 
from time to time during the run, the 
pump speed was adjusted at five- 
minute intervals. This approximated 
a constant injection ratio. 


At five-minute intervals during a 
run, the pump barrel pressure, the 
up-stream pressure, the time, the 
pump speed setting, and the oil and 
gas production were recorded. In 
order to determine the injected gas 
volume precisely, the actual pump- 
operating time was measured and re- 
corded. Thus, allowance was made 
for the time the pump was shut down 


to change speeds. 


The values of k,/k, were calcu- 
lated from the produced  gas-oil 
ratios. The values of the producing 
end saturation were calculated from 
the production data using Eq. 2. 

From the experimental data, the 
volume of gas injected during each 
five-minute interval was expressed in 
terms of AQ;, the incremental gas 
injected in pore volumes measured at 
the mean injection pressure over the 
interval. The value of Q;, the cumu- 
lative injected gas volume, at any 
point in the producing history is the 
sum of the AQ; values to that point. 
The decrease in oil saturation over 


the time interval, —AS,, is also deter- 
mined from the laboratory produc- 
tion data. The value of the producing 
end gas saturation is then determined 
from the finite difference form of 
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Rock SAMPLES TESTED 


The experimental work involved 
production tests under partial pres- 
sure maintenance on rocks having 
sandstone-type porosity. The cores 
tested were a sample of Bandera out- 
crop consolidated sandstone and a 
sample of reef limestone from West 
Texas. The sample of reef limestone 
has a sandstone-type porosity, based 
on photomicrographs of the pore 
space and from flow test data. Solu- 
tion and external gas drives on the 
reef limestone sample yielded iden- 
tical k,/k, characteristics. 


The portion of a reservoir affected 
by capillary end effect is usually very 
small. For laboratory tests to yield 
data applicable to the reservoir, end 
effect in these tests must be reduced 
to negligible importance. All experi- 
mental runs were made with pressure 
differential across the core of such 
magnitude that the capillary end 
effect was negligible. 


RESULTS 


Fig. 2 presents the k,/k, character- 
istics of the Bandera sandstone core, 
as determined from partial pressure 
maintenance with no free gas ini- 
tially present. The k,/k, characteris- 
tics obtained from tests in which free 
gas was initially present are shown in 
Fig. 3. Fig. 4 shows the upstream 
pressure histories for some drives on 
the Bandera sandstone core. These 
pressure decline histories are typical 
of those obtained for other drives in 
this study. The k,/k, characteristics 
for the laboratory drives on the reef 
limestone sample are shown in Fig. 5. 
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Figs. 6, 7, and 8 are the perform- 
ance curves calculated for a hypo- 
thetical reservoir. The relative per- 
meability characteristics of this reser- 
voir are those of Bandera sandstone. 
The reservoir fluid characteristics of 
a typical West Texas crude are used 
in the calculations. 


Fig. 9 shows the produced gas-oil 
ratio performance under partial pres- 
sure maintenance predicted by two 
methods, one’ which does not con- 
sider the saturation gradient present 
in such a drive, and that presented in 
this paper. 


DISCUSSION 


VALIDITY OF MATHEMATICAL 
TREATMENT FOR PARTIAL 
PRESSURE MAINTENANCE 


In the derivation of Eq. 2, the 
assumption was made that the term 
% was independent of time and a 
function only of saturation. A test of 
the validity of this assumption can be 
made by partial pressure maintenance 
tests on.rocks having sandstone-type 
porosity. For these rocks, the solu- 
tion and external drive k,/k, charac- 
teristics are the same. A partial pres- 
sure maintenance run possesses the 
characteristics of both solution and 
external drives. Therefore, the basic 
k,/k, characteristics applying to par- 
tial pressure maintenance are ex- 
pected to be identical with those ob- 
tained by solution and external gas 
drive. 


The gas-oil relative permeability 
ratio at the outlet face is calculated 
from the produced gas-oil ratio. The 
calculation of the gas saturation at 
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the producing end of the system is 
calculated by Eq. 2. If Eq. 2 is valid, 
that is, if the assumption that the 
term ¥ is a function only of satura- 
tion is valid, the basic k,/k, charac- 
teristics during a partial pressure 
maintenance run, calculated in this 
way, would be identical to those ob- 
tained by solution or external gas 
drive. 


Experimental tests were performed 
on the Bandera sandstone varying 
the injection ratio, 7, in each run 
from 0.365 to 1.000. Over this range 
of injection ratios, the assumption 
that the term W is independent of 
time is valid. This may be seen from 
the agreement of the k,/k, charac- 
teristics of the partial pressure main- 
tenance tests with those by solution 
and external gas drive (Figs. 2 and 

Tests on the reef limestone again 
showed the validity of Eq. 2 over the 
range of injection ratios from 0.460 
to 1.000. The k,/k, characteristics 
calculated from the partial pressure 
maintenance drives were identical to 
those by solution and by external gas 
drive. Use of Eq. 2, with data ob- 
tained from a laboratory test having 
an injection ratio of 0.240, resulted 
in calculated relative permeability 
characteristics above those shown in 
Fig. 5. This indicates that at an injec- 
tion ratio of 0.240, Eq. 2 is no longer 
valid. Application of Eq. 2 to reser- 
voir performance is suitable in the 
majority of cases, since the injection 
ratios involved in actual field partial 
pressure maintenance programs gen- 
erally range upwards of 0.500. 


The values of AS,, the difference 
between the average and producing 
end gas saturation, varied between 
runs from 2 per cent to 8 per cent 
pore volume. The fact that the k,/k, 
characteristics for the different tests 
agree to within 1 per cent pore vol- 
ume indicates that the proper AS, 
value was calculated for each run. 
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This also indicates the magnitude of 
the saturation gradient likely to be 
~ found in field partial pressure mainte- 
nance operations. 


The laboratory partial pressure 
maintenance flow tests, which proved 
the validity of Eq. 2, were not such 
that the solution gas was of negli- 
gible amount. In the flow test having 
an injection ratio of 0.365, for which 
Eq. 2 is valid, 65 per cent of the total 
free gas entering the system during 
any increment was gas evolved from 
the oil by pressure reduction. 


From the preceding results, it may 
be concluded that Eq. 2 is valid over 
the range of injection ratios from 
0.365 to full pressure maintenance. 
Thus, this method of calculation of 
the producing end gas saturation dur- 
ing a partial pressure maintenance 
operation is limited, but is valid for 
cases likely to be encountered in field 
applications. Eq. 2 may also be ap- 
plied to predicting field performance 
for partial pressure maintenance, 
starting at the original bubble point 
pressure or starting after partial de- 
pletion by solution drive. 


APPLICATION TO FIELD 
CALCULATIONS 


The method of calculation of full 
pressure maintenance performance 
characteristics’ used in this paper has 
previously been verified in the labora- 
tory’. The method presented in this 
paper for the calculation of partial 
pressure maintenance performance 
from k,/k, data has now been veri- 
fied by laboratory flow tests as re- 
ported herein. These two methods 
make it possible to predict the ex- 
pected reservoir performance under 


either full or partial pressure mainte- 
nance provided the k,/k, characteris- 
tics and fluid properties are known. 


The methods of calculating pres- 
sure maintenance performance apply 
strictly to linear and radial systems. 
However, in most practical operations 
of pressure maintenance, the produc- 
tion performance may be affected by 
well arramgement. A recent technical 
paper’ presented the effect of five- 
spot well arrangement upon oil pro- 
duction performance of full pressure 
maintenance gas injection. In order 
to apply the method of predicting 
partial pressure maintenance per- 
formance to five-spot gas injection, it 
is necessary to know the effect of this 
well arrangement. 


In five-spot partial pressure main- 
tenance starting at the original bub- 
ble point, injected gas invades the 
reservoir, progressively contacting 
more of the pattern area. The gas 
evolved due to the decreased reser- 
voir pressure tends to form a con- 
nected gas phase throughout the un- 
invaded five-spot area. When the in- 
jected gas saturation merges with the 
evolved gas saturation, there exists 
“effective gas breakthrough,” that is, 
there is gas permeability from injec- 
tion to production well. This gas per- 
meability is formed by both injected 
gas displacement and gas evolution. 
The pertinent question is whether, at 
the time of effective gas break- 
through, there is gas permeability 
throughout the entire five-spot pat- 
tern, or merely a portion of that pat- 
tern. 


In order to determine the degree 
of gas saturation developed by the 
evolved gas, it is necessary to know 
the pressure existing at the time of 
effective gas breakthrough during 
partial pressure maintenance opera- 


tion. This may be accomplished by - 


a gas mass balance. It is also pos- 
sible, by a material balance, to deter- 
mine at breakthrough the portion of 
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the reservoir free gas volume com- 
posed of injected gas. Calculations 
made using typical crude character- 
istics have shown that for injection 
ratios of from 0.400 to 0.800, the 
injected gas at breakthrough com- 
prises 35 to 40 per cent of the reser- 
voir free gas volume. For injection 
ratios above 0.800, the portion of the 
injected gas in the total free gas space 
rises rapidly. The maximum value of 
40 per cent of injected gas in the free 
gas space for injection ratios between 
0.400 and 0.800 is relatively inde- 
pendent of the crude characteristics. 


If the injected gas comprises a 
maximum of 40 per cent of the reser- 
voir free gas volume at breakthrough, 
this means physically that by the time 
the injected gas has contacted less 
than half the pattern area, the 
evolved gas has formed a connected 
gas phase, and therefore gas perme- 
ability exists throughout the entire 
pattern area. The areal sweep effi- 
ciency at effective gas breakthrough 
is then 100 per cent. Laboratory stud- 
ies dealing with five-spot pattern 
flooding’ revealed that for floods in 
which the breakthrough areal sweep 
efficiency was 100 per cent, the pro- 
duction performance was the same as 
that of a linear system of the same 
pore volume. Therefore, it may be 
concluded that the production per- 
formance of a five-spot dispersed gas 
operation with injection ratio, J, be- 
tween 0.400 and 0.800 is identical to 
that of a linear system of the same 
volume. 

For five-spot partial pressure main- 
tenance operations having an injec- 
tion ratio in excess of 0.800, the in- 
jected gas comprises a larger portion 
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of the total free gas volume in the 
pore spaces at effective gas break- 
through. At these injection ratios, the 
gas permeability at breakthrough ex- 
ists in only a portion of the pattern, 
the reservoir pressure at this time not 
having decreased sufficiently to form 
gas permeability throughout the en- 
tire pattern. At full pressure mainte- 
nance there is of course no free gas 
saturation in the portion of the pat- 
tern not contacted by the injected 
gas. The method of predicting full 
pressure maintenance performance is 
covered sufficiently in the pattern 
flooding paper.° In the range of oper- 
ations between full pressure mainte- 
nance and that with injection ratio of 
0.800, the performance prediction is 
complex. However, in this region of 
injection ratios, calculations assuming 
full pressure maintenance yield con- 
servative estimates of production per- 
formance as oil production by solu- 
tion drive from the unswept regions 
would not be considered. 


The prediction of oil production 
performance by partial pressure main- 
tenance for well patterns other than 


the five-spot system must be treated 


as special cases. 


The Appendix presents a conveni- 
ent step-by-step guide for the calcula- 
tion of reservoir performance by par- 
tial pressure maintenance. It is based 
upon a simplified form of the Schil- 
thuis material balance’. 


Figs. 6, 7, and 8 show the pres- 
sure, produced GOR, and cumulative 
surplus produced gas histories, re- 
spectively, for five producing pro- 
grams of a hypothetical reservoir. 
The relative permeability characteris- 
tics of this reservoir are assumed to 
be those of Bandera sandstone (Fig. 
2). The fluid properties of a typical 
West Texas crude were used in the 
calculations. 
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Partial Pressure maintenance, | = 0.50 with 
no initial free gas saturation. 
Initial Pressure = 2,370 psig. 


The five producing programs 
shown are: (1) solution drive (pres- 
sure depletion); (2) full pressure 
maintenance at the original bubble 
point (P; = 2,370 psig); (3) partial 
pressure maintenance, J = 0.50, with 
no initial gas saturation (P; = 2,370 
psig); (4) depletion to 2,000 psig, 
then full pressure maintenance (P, 
= 2,000 psig); and (5) depletion to 
2,000 psig, then partial pressure 
maintenance, J = 0.50 (P; = 2,000 
psig). The solution gas drive per- 
formance was calculated using the 
modified Schilthuis material balance’. 


Production by full pressure main- 
tenance at the initial bubble point 
pressure results in the maximum re- 
covery to an assumed economic lim- 
iting gas-oil ratio of 10,000 cu ft/bbl. 
However, this program requires the 
injection of all produced gas plus 
10.2 pore volumes of additional gas, 
measured at atmospheric pressure. If 


' obtaining this additional gas presents 


a physical or economic problem, pro- 
duction by partial pressure mainte- 
nance, J = 0.50, with no free gas 
initially present, may be considered. 
This program results in a lower oil 
recovery, but includes sizeable por- 
tions of gas available to be sold or 
used otherwise during the life of the 
project. Recovery programs with 
higher injection ratios result in a 
larger oil recovery and a correspond- 
ing decrease in the amount of excess 


gas. The two secondary recovery pro- 
grams starting after partial depletion 
yield lower oil recoveries than the 
corresponding programrs started at 
the initial bubble point pressure. This 
difference is largely due to the shrink- 
age of the oil during depletion. 
Choice of any other economic limit- 
ing gas-oil ratio yields the same con- 
clusion as to the relative oil recover- 
ies obtained by the different gas in- 
jection programs. 


These calculations on this hypo- 
thetical reservoir indicate that full 
pressure maintenance by gas injec- 
tion at the original bubble point pres- 
sure results in maximum oil recovery 
for the cases considered. Postponing 
gas injection or reducing the amount 
of gas injection results in correspond- 
ingly lower oil recovery. The econom- 
ics of the various injection programs 
have not been considered. 


The relative values of oil recovery 
obtained by different injection pro- 
grams would, of course, be different 
for other field conditions. It would 
thus be necessary to evaluate the op- 
timum production program for each 
field, using the appropriate relative 
permeability characteristics and fluid 
properties. 


PREVIOUS METHODS OF PREDICTION 
OF RESERVOIR PERFORMANCE 


The only method of predicting par- 
tial pressure maintenance perform- 
ance available in the present litera- 
ture is that given by Patton’. This 
method does not consider the satura- 
tion gradient present in a reservoir 
during a partial pressure mainte- 
nance operation. The method of pre- 
diction presented in the present paper 
is a material balance, adapted to 
consider the saturation gradient. Fig. 
9 presents the gas-oil ratio perform- 
ance of a hypothetical reservoir by 
partial pressure maintenance pre- 
dicted by these two methods. Again, 
to an arbitrary producing GOR of 
10,000 cu ft/bbl, the previous method 
predicts only 84 per cent as much oil 
recovery as that by the method pre- 
sented in this paper. This difference 
will vary with the crude properties 
and the k,/k, characteristics. Since 
the method of calculation developed 
in this paper has been substantiated 
experimentally, its use will result in 
improved predictions of partial pres- 
sure maintenance performance. 
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CONCLUSIONS 


The conclusions, drawn from the 
work on sandstone-type porosity sys- 
tems, are as follows: 


1. An improved means of predict- 
ing field performance under a partial 
pressure maintenance program has 
been developed. This method, which 
has been proved experimentally, has 
limitations, but is valid for cases 
likely to be encountered in field ap- 
plications. 

2. Example calculations show that 
the maximum oil recovery by either 
full or partial pressure maintenance 
gas injection is obtained by full pres- 
sure maintenance at the original bub- 
ble point pressure. Postponing gas 
injection or reducing the amount of 
gas injection results in a correspond- 
ingly lower oil recovery. 


APPENDIX 


METHOD OF CALCULATION OF 
FIELD PARTIAL PRESSURE 
MAINTENANCE 
PERFORMANCE 


Table 1 contains the suggested col- 
umnar heads, which may be used to 
calculate the oil recovery perform- 
ance of a field partial pressure main- 
tenance operation. These calculations 
are valid only for dispersed gas injec- 
tion and do not apply to pressure 
maintenance by injection into a gas 
cap. The relations used in the calcu- 
lation include both those of the modi- 
fied Schilthuis material balance equa- 
tion, developed by Tracy’, and that 
presented in this paper. The equa- 
tions used are: 


Rie (A-1) 
B 
= 
B 
= — R, 
) 
(A-2) 
1 
B Bas 
— R, R, 
(A-3) 
VOT. 207. 1956 
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All the equations, with the excep- 


tion of Eqs. A-6, A-7, and A-8 are — 


those developed by Tracy’. Eq. A-8 
is that developed in this paper. The 
terms are defined in the Nomencla- 
ture. 


The data required for these calcu- 
lations are: 

1. Appropriate k,/k, characteris- 
tics 
Reservoir fluid properties 

3. Injection ratio, J 
Estimation of conformance fac- 
tor, é. 


The conformance factor, e, is here 
defined as the portion of the reservoir 
volume contacted by the injected gas. 
The pore volume of the reservoir is 
not required in the performance cal- 
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culations as the oil recoveries are 
expressed as a fraction of the stock 
tank oil originally in place. 


In Table 1 is shown example calcu- 
lations of the partial pressure main- 
tenance performance of a hypotheti- 
cal reservoir having no initial gas sat- 
uration. The crude has the character- 
istics of a typical West Texas crude. 
The reservoir relative permeability 
characteristics are those shown in 
Fig. 2. The gas is being injected at 
an injection ratio, J, of 0.500. The 
conformance factor, e, is 1.000. 


The partial pressure maintenance 
calculations consider that the con- 
formable portion of the reservoir 
(equal to the total pore volume times 
e) reflects the effects of gas injection, 
and that the remaining portion of the 
reservoir, the unconformable portion 
equal to the total pore volume times 
(1 — e) produces by solution drive 
alone. 


From the start of gas injection 
operations to gas breakthrough at the 
production wells, oil is produced at 
the solution gas-oil ratio. To calculate 
the oil production performance after 
gas breakthrough, the values of n; 
(Col. 7), QO; (Col. 14), and G; (Col. 
19) at gas breakthrough are neces- 


sary. 


TABLE 1 — TABULATION WORKSHEET FOR CALCULATION OF PARTIAL PRESSURE MAINTENANCE PERFORMANCE 
1 2 3 4 5 6 7 8 9 10 12 13 14 15 16 
(2) 
P, psig Ri Ri gn An ni np (Sa ko Sep AQi Qi O21] Sco ASg (Sole AGp Gi N 
In 
+ 
2,370 
Gas Breakthrough 0.1000 Gas Breakthrough 0.0150 10.00 
2,000 760 550 1.857 0.0575 0.0135 0.1135 0.1061 0.1135 0.652 0.052 0.126 0.250 0.0400 0.540 0.216 0.652 3.77 13.77 1.0029 
1,800 1,230 995 0.760 0.0345 0.0241 0.1376 0.1157 0.1376 0.606 0.115 0.159 0.0976 0.1376 0.240 0.0336 0.606 12.78 26.55 1.0262 


The term n, is the cumulative oil 
production expressed as a fraction of 
the initial stock tank oil in place. The 
value of n; at gas breakthrough is the 
sum of the oil production from both 
the unconformable and conformable 
portions of the reservoir. The oil pro- 
duction from the unconformable por- 
tion of the reservoir to gas break- 
through is that resulting from a solu- 
tion drive to the reservoir pressure at 
breakthrough. In the conformable 
portion the oil production is related 
to the average gas saturation. The 
average gas saturation at break- 


NOMENCLATURE 


A = area. 


= gas formation volume factor, 
volume of 1 scf of gas at 
reservoir conditions. 


= gas formation volume factor, 
at the mean reservoir pres- 
sure during the increment. 


oil formation volume factor, 
volume of 1 STB of oil at 
reservoir conditions. 


I 


oil formation volume factor 
at initial reservoir condi- 
tions. 


ll 


conformance factor, portion 
of reservoir volume con- 
tacted by injected gas. 


through is determined from the rela- 
tive permeability characteristics and 
fluid properties. Refer to Fig. 3 of 
Reference 6. This average gas satura- 
tion is the result of both the oil pro- 
duction-and the shrinkage of the re- 
maining oil. 

The total gas production to break- 
through is the product of the break- 
through oil production and the aver- 
age solution gas-oil ratio. A fraction, 
I, of this produced gas is reinjected. 
The value of Q; at breakthrough is 
the cumulative volume of reinjected 
gas, measured at reservoir pressure. 


= porosity. 


; = cumulative gas production, 
volume of gas at atmos- 
pheric pressure per vol- 
ume of stock tank oil. 


G,-, = value of G;, previous step. 


ll 


incremental gas produced 
from gas injection pro- 
gram, volume of gas at 
atmospheric pressure per 
volume of stock tank oil. 


= injection ratio, fraction of to- 
tal produced gas that is in- 
jected. 


k,/k. = gas-oil relative permeability 


ratio. 


= cumulative oil production 
from the conformable sec- 


The value of G, at breakthrough is 
the cumulative produced gas not in- 
jected, measured at atmospheric pres- 
sure. 


The calculation involves a trial- 
and-error method, simultaneously 
making a material balance on the sys- 
tem and solving for the saturation 
gradient. The value of R; (Col. 2) is 
estimated for each pressure decre- 
ment. The proper selection of the 
value for R; is confirmed when both 

(S.)«[Col. 10] = (S,)- [Col. 17] 
and WN [Col. 20] = 1.00 


tion of reservoir, fraction 
of initial stock tank oil in 
place. 


cumulative oil production, 
fraction of initial stock 
tank oil in place. 


ni-,; = value of n,, previous step. 
n, = cumulative production from 
total reservoir by solution 
drive to pressure P, frac- 
tion of initial stock tank 

oil in place. 

An = incremental oil production, 
fraction of initial stock 
tank oil in place. 

P = reservoir pressure, psig. 

Q, = gas volumetric flow rate. 
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Q. 


ll 


oil volumetric flow rate. 


cumulative injected gas in 
pore volumes, that is the 
sum of the incremental in- 
jected gas volumes mea- 
sured at the reservoir pres- 
sure at which they were 
injected. 


value of Q;, previous step. 


incremental injected gas in 
pore volumes, measured at 
the reservoir pressure dur- 
ing injection. 

average producing gas-oil 


ratio, bbl/bbl or cu ft/cu 
ft. 


instantaneous producing gas- 
oil ratio, bbl/bbl or cu ft/ 
cu ft. 


value of R;, previous step. 


solution gas-oil ratio, bbl/bbl 
or cu ft/cu ft. 


= initial reservoir solution gas- 
oil ratio, bbl/bbl or cu ft/ 
cu ft. 


gas saturation, fraction pore 
volume. 


II 


average gas saturation, frac- 
tion pore volume. 


= producing gas saturation, 
fraction pore volume. 


= difference between average 
and producing end gas sat- 
uration, fraction pore vol- 
ume. 


= oil saturation, fraction pore 
volume. 


= average oil saturation, frac- 
tion pore volume. 


ll 


initial average oil saturation, 
fraction pore volume. 


= average water saturation, 
fraction pore volume. 


= time. 
= distance. 


= gas viscosity, cp. 


II 


oil viscosity, cp. 


II 


dimensionless term, defined 
by Eq. A-2. 


II 


dimensionless term, defined 
by Eq. A-3. 


dimensionless term, defined 
by Eq. 1A. 
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NEUTRON LOG CORRECTION CHARTS for BOREHOLE 
CONDITIONS and BED THICKNESS 


J. T. DEWAN SCHLUMBERGER WELL SURVEYING CORP. 
MEMBER AIME HOUSTON, TEX. 


ABSTRACT 


An experimental setup is described whereby the 
responses of Neutron logging instruments have been 
determined opposite formations of different porosities 
and under various borehole conditions. 

The results of these tests are presented in several 
charts which show how the Neutron log is affected by 
the following factors: hole diameter, casing, cement, 
salinity and weight of drilling mud, and position of log- 
ging tool with respect to the wall of the hole. The 
responses in the case of empty holes are also shown. 

A chart is furthermore presented which shows the 
shapes of the Neutron log, as a function of logging 
speed and time constant, at the boundaries between two 
formations with different porosities. These were derived 
mathematically using as a basis laboratory determination 
of the shape of the curve under static conditions, i.e. at 
very low logging speed. Corrections for the readings 
made opposite thin beds are given by these computa- 
tions. The correction is found negligible under usual 
logging conditions for beds thicker than about 4 ft. 


INTRODUCTION 


The Neutron log is used in borehole surveys both 
for the delineation of porous formations and for the 
quantitative estimation of their porosities.»?*** 

It is common practice to calibrate the response of 
the Neutron log in terms of porosity values for each 
given geological unit by means of empirical comparisons 
between the deflections of the neutron curve and the 
porosity values given by the core analysis in a sufficient 
number of wells. 

Usually, the plots of the porosity values vs Neutron 


Revised manuscript received by Petroleum Branch on Dec. 20, 1955. 
Paper presented at 1955 Petroleum Branch Fall Meeting. 
1References given at end of paper. 
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log deflections show a definite trend. It is therefore pos- 
sible to trace an average line across the plotted points. 
This average line constitutes a calibration curve which 
can be used to evaluate the porosities from the Neutron 
logs in the other wells drilled in the same region. 

Futhermore, when the porosity values are plotted on 
a logarithmic scale and the Neutron log deflections on 
a linear scale, the calibration curve is practically a 
straight line. Accordingly the calibration curves are 
often determined by simply tracing a straight line be- 
tween two points corresponding to two widely different 
porosities. Different choices are made for these two 
points, depending on local conditions. For example, one 
point will be defined by plotting the deflection of the 
Neutron curve opposite a formation known to be very 
tight, for which an average porosity value of 1 or 2 per 
cent is assumed. The other point may correspond to 
shale sections, to which a porosity of around 40 per 
cent is ascribed. 

The information provided by the eletrical logs — in 
particular the Laterolog, Limestone log or Micro-Latero- 
log — is also very often a help in the calibration of the 
Neutron logs. 


Empirical approaches such as these make possible the 
derivation of fairly reliable porosity values from the 
Neutron logs in many cases, at least in open holes and 
in essentially clean formations. There are, however, 
several causes of uncertainty which may sometimes en- 
tail appreciable errors. 


On the one hand, the Neutron log readings are influ- 
enced by the borehole conditions: hole diameter, pres- 
ence or absence of casing and cement, presence or ab- 
sence of drilling mud, characteristics of the mud, and 
position of the logging instrument with respect to the 
wall of the hole. The amplitudes of the curves opposite 
thin beds are furthermore affected by the bed thickness, 
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the time constant of the instrument, and the logging 
speed. 

On the other hand, the response of the Neutron log 
is not only a function of the hydrogen content of the 
formations, but also, to some extent, of the chemical 
composition of the rock itself.° 

With the empirical method of interpretation, the 
Neutron log deflections read off the logs involve the 
effects of all these factors. For the readings made oppo- 
site different formations and in different wells to be 
comparable, these factors should be sufficiently con- 
stant. When such is not the case, a correct interpretation 
requires that their variations be taken into account. 
Several interesting contributions to this subject have 
already been published” ’. 


One purpose of the present paper is to offer the ~ 


results of laboratory investigations which have been 
made to determine the effects of various borehole con- 
ditions. 

A second purpose of the paper is to discuss the de- 
havior of the Neutron curve at the interfaces between 
formations with different porosities, on the basis of 
laboratory tests and of computations, and to derive the 
corrections for bed thickness to be applied to the read- 
ings of the Neutron log. 

_ The influence of the composition of the rock is not 
‘considered in the present paper. 

The magnitudes of the above mentioned effects, of 
course, are dependent on the particular design of the 
Neutron logging instrument. It is understood that the 
following results apply to the standard 3% in. diameter 
tools used at the present time by the Schlumberger Well 


Surveying Corp. These tools are of the neutron-gamma_ 


type. 
ESSENTIAL FEATURES OF THE EXPERIMENTS 


The experiments consisted essentially in running Neu- 
tron logs in clean limestone formations under various 
borehole conditions. Since the Neutron log is responsive 
primarily to hydrogen concentration, aside from a sec- 
ondary matrix effect, these clean formations were char- 
acterized by the amount of water absorbed in the pores 
per unit volume. As will be described, the water absorp- 
tion values were somewhat less than the actual porosity 
values because all the pore spaces were not completely 
saturated. In the charts to be presented, the percentage 
of water absorption is designated as “hydrogen index.” 


LABORATORY SET-UP 


The laboratory set-up consisted of a test pit con- 
structed in such a way that the borehole conditions were 
reproduced very closely, and could be varied at will. 

The pit contained five limestone formations with dif- 
ferent porosities, separated by horizontal planes (Fig. 
1). The lowest formation was in the form of marble 
chips. The other four formations were laid in the form 
of closely fitting blocks of 1 to 2 cu ft in size, held to 
a nominal tolerance of 1/16 in. The bed thickness for 
each formation was 6 ft, giving a total pit depth of 30 
ft. The blocks were impregnated with fresh water. 

Three 5/16 in. wall aluminum pipes having 6, 8, and 
10 in. inside diameters, respectively, extended from top 
to bottom through the formations. Radial spacing of the 
pipes was 30 in. center-to-center. The purpose of these 
aluminum liners was to permit changing the down-hole 
fluid characteristics without disturbing the formation.* 

The dimensions of the pit and the spacing of the 
boreholes were designed, on the basis of preliminary 


experiments, such that the formations surrounding each 
should behave with respect to the logging sonde as if 
they were infinitely extended. Inasmuch as the depth of 
penetration of neutrons decreases rapidly when forma- 
tion porosity increases,** it was appropriate to con- 
struct the pit with variable diameter, with the most 
porous formation in the section of least diameter. 

Verification that the formations behaved as infinite 
media was made by running logs in each hole with and 
without water in the other holes. There were no detect- 
able effects upon the counting rate. There were also no 
differences observed when the outer boreholes were 
logged with the sonde applied to the side adjacent to the 
wall of the pit or to the opposite side. 


MATERIALS USED 


Limestone was chosen as the material for the test 
pit rather than sandstone because: (1) it is available in 
a considerable range of porosities; (2) it can be ob- 
tained practically free of shaly material; and (3) it can 
be obtained relatively free of impurities such as boron 
and lithium which strongly absorb slow neutrons. More- 
over, it is easily shaped into close fitting blocks, even 
for the densest formations. 2 

Considerable planning went into the selection of the 
types of limestone to be used. Semi-quantitative spec- 
trographic analyses were run gn a number of samples. 
Special effort was made to detect the presence of un- 
wanted elements, especially boron, lithium, and rare 
earths. Selection was also based somewhat upon the 
porosity range available in shale-free limestones. g 

Vermont marble, Georgia marble, Austin limestone 
and Bedford limestone were selected as being suitable 
to go into the test pit. It is worth noting that, to obtain 
a formation with a porosity lying between that of the 
Vermont marble and Bedford limestone, it was neces- 
sary to create a “composite” bed which consisted of al- 
ternate 3 in. thick layers of these two limestones. These 
layers were sufficiently thin with respect to the depth of 
investigation of the neutrons that the composite bed 
could be considered as having a homogenous porosity 
equal to the mean porosity of the two components. 


WATER ABSORPTION DETERMINATION 


Two methods were used to determine the water ab- 
sorption of the formations. The first was a soaking 
method. Random samples of the large blocks were 
baked at a temperature of 300°F or better until it was 
certain that all moisture was removed. They were there- 
upon weighed and allowed to soak for several days in 
water. Weights were checked daily, and when the wet 
weights had stabilized, the weights of water absorbed 
and the known bulk volumes of samples were used to 
compute the percentages of water absorbed by volume. 

The second method was by vacuum impregnation. 
Dry limestone samples of known weight and volume 
were placed in a vacuum chamber and evacuated. Water 
was admitted to the samples. They were thereupon 
weighed and the water absorptions computed as before. 
Table 1 shows the results of the two methods. 

A comparison of the values obtained by the two 
methods indicates that the water absorptions by vacuum 
impregnation are in all cases greater than those given 
by the soaking method. The conclusion is that some 
void space is always left unfilled by the soaking method. 
This is chiefly because of the large size of the blocks. 

As a check on our own figures, samples were sub-. 
mitted to a core laboratory for porosity analysis. Table 


4*These liners are not to be confused with the usual steel casings. 


**See Reference 5, Fig. 7. 


1 shows that their porosity values were slightly higher 
than our laboratory determinations by the vacuum 
method. Probably the method used for the determina- 
tion was different. 

For the experiments, the blocks were simply low- 
ered into the pit and covered with water without being 
pre-evacuated. Their fluid intakes would therefore be 
close to the values obtained in the soaking method. A 
series of periodic measurements on the blocks showed 
that the amount of water absorbed stabilized after a 
period of a few weeks. Furthermore, logs made over a 
period of more than one year show no trend that would 
indicate further water absorption in any layer. 

In general, the higher the porosity, the better are 
the chances of making accurate absorption determina- 
tions. Conversely, the denser the formation the wider 
the variation of results will be, no matter what is the 
method used. The water absorption of the Vermont 
marble was the most difficult to obtain. The values 
varied widely, even for adjacent samples taken from 
the same cubic block of marble. The average absorption 
value for the soaking method was 1.9 per cent while 
for the vacuum method it was 2.9 per cent. 

When the limestone blocks were being laid in the 
test pit, a crack averaging 1/16 in. in width unavoid- 
ably existed between the blocks after they were stacked. 
In addition there was a thin annulus of fluid trapped 
between the outer wall of the borehole pipe and the 
formation. The volume of fluid held by this lattice con- 
stituted 1.5 to 2 per cent of the total formation volume. 
Taking the lattice water into account gave adjusted 
values of the formation fluid contents (by volume) of 
approximately: 22 per cent for the Austin limestone, 
14.5 per cent for the Bedford limestone, and 9 per cent 
for the composite layer, as shown in Table 1. 

In the case of the marble chips, a value of 40 per 
cent was obtained by metering the amount of water 
required to saturate the dry marble chips which were 
poured into the pit to form the bottom layer. 


EXPERIMENTAL PROCEDURE 


The experiments were carried out with the standard 
Neutron logging instrument containing a radium-beryl- 
lium source of neutrons and a shielded gamma ray 
counter. The “spacing.” i.e. the distance from center of 
source to center of counter is 20 in. The instrument was 
calibrated, using exactly the same procedure as in the 
field. 


The Neutron tool was raised and lowered in the test 
pit boreholes by means of an overhead hoist and the 
counting rates were continuously recorded. Several meas- 
urements were made with the tool located at different 
distances from the borehole wall. The distance from the 
wall was determined accurately by means of spacers and 
a spring device attached to the sonde body. Care was 
taken to ensure that the spacers never covered the 
source-detector area of the sonde housing. With a low 
logging speed and a long time constant, the recorded 


curve shows well defined plateaus at the levels of each 
bed. Fig. 2 is an example of such recording, for the 6 in. 
uncased borehole filled with fresh water. In tracing 
Fig. 2, the statistical variations have been smoothed 
out; also, a correction has been made for the aluminum 
liners, as explained below. 

The results of the tests are presented in several 
charts (1 through 8). On each chart, the values of 
hydrogen index for the five formations are plotted as 
ordinates on a logarithmic scale and the correspond- 
ing numbers of counts per second are plotted as ab- 
scissae on a linear scale. The curves are completed by 
interpolation between the measured points and by 
straight line extrapolation below 4 per cent hydrogen 
index. 

The counting rates plotted as abscissae are not neces- 
sarily equal to the actual numbers of counts recorded 
by the instrument during the tests. They are “standard” 
values, which have been normalized by the use of the 
calibration system. With this system, different instru- 
ments give the same standard counts per second under 
the same borehole and formation conditions. The actual 
counting rates may differ +20 per cent from the nor- 
malized counting rates with the present instruments, due 
to minor differences in source strengths, mechanical tol- 
erances, etc. 


It was anticipated that the 5/16 in. wall aluminum 
pipes lining the test pit boreholes would not unduly in- 
fluence the response in tight formations because the 
density and the nuclear characteristics of marble and 
aluminum are about the same. But in the high porosity 
formations slightly higher counting rates were expected 
because the aluminum pipe is equivalent to a shell of 
tight formation. An estimate of the magnitude of the 
aluminum effect was obtained in the following pre- 
liminary experiment. 

Two aluminum tubes having identical internal dia- 
meters were constructed. One of the tubes had 1/16 in. 
wall thickness, the other had 5/16 in. wall. Each tube 
was filled with water and was centered in a 55 gal. steel 
drum filled with wet sand (40 per cent porosity). Count- 
ing rates for the two conditions were recorded. The 
% in. difference in thickness increased the counting rate 
by 8 per cent at this porosity. From these data it was 
assumed that a correction of 10 per cent was indicated 
for the 5/16 in. thickness of the test pit boreholes. In 
plotting the curves, a 10 per cent correction for alumi- 
num effect has been applied at the high porosity end, 
with no correction at the low porosity end. 


BOREHOLES FILLED WITH WATER 


EFFECT OF HOLE DIAMETER 
Chart 1 shows the curves obtained for the three hole 
diameters, 6, 8 and 10 in., the instrument being applied 
to the wall of the hole (solid curves). This chart clearly 
illustrates the decrease in counting rate with increasing 
hole diameter, all other conditions being the same. 
The counting rate at 100 per cent hydrogen index 


TABLE 1 — COMPARISON OF WATER ABSORPTION AND POROSITY DETERMINATIONS 


Core 
sorption sorption Porosity Adjusted Value: 
Austin Limestone 20.1 27.45 27.4 ie 
Bedford Limestone 13.0 17.9 20.7 14.5 
Vermont 
Vermont Marble 19 2.9 4.4 4.0 
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Fic. 1—NeEUTRON TEsT PIT. 


~ shown on the chart, namely 150 cp, was established ex- 
perimentally with the instrument being surrounded by 
fresh water. 

Chart 1 also shows the contribution to the total count- 
ing rate of the scattered gamma rays, i.e. those gamma 
rays emitted by the source and scattered back to the de- 
tector. This contribution was determined by using a 
source containing the same amount of radium as in the 
standard survey source but no beryllium. 

Because of the shielding of the detector, the scattered 
gamma ray effect is small and amounts to about 15 per 
cent of the total counting rate for 8 in. hole and medium 
porosity formations. It is, furthermore, practically in- 
dependent of the hydrogen index of the formations and 
varies little with the hole diameter. Accordingly, the 
presence of the scattered gamma ray component does 
not appreciably impair the accuracy of the log. 


EFFECT OF SONDE POSITION 


Chart 1 shows also the curves obtained for each 
well diameter with the logging instrument centered 
(curves in dashes). It is seen that the counting rate is 
smaller when the tool is centered than when it is against 
the wall — all conditions being otherwise equal. This 
is to be expected since in the centered position the sonde 
is completely surrounded by a medium with a high 
hydrogen concentration, whereas in the other case, the 
sonde is only partially surrounded. 

In order to determine exactly the effect of sonde po- 
sition, a set of spacers was devised to precisely control 
the sonde distance from the sidewall. A family of curves 
was run in each of the three boreholes. Starting with the 
position against the wall, the logs were run at % in. 
spacing increments until the sonde reached the centered 
position. Data taken for the 10 in. uncased hole have 
been selected for presentation in Chart 2, since the ef- 
fect of the position of the sonde is most pronounced in 
this case. The decrease in counting rate as the sonde is 
moved away from the borehole wall toward the center 
is not a linear function of the distance. The initial % in. 
of movement has more effect than subsequent 1% in. 
shifts. A movement of 3% in. from the sidewall accounts 
for half the loss in counting rate. 
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It can be assumed that, under normal logging condi- 
tions in the field, the tool should ride practically all the 
time along the wall of the hole. Inasmuch as the posi- 
tion of the sonde with respect to the wall appears very 
critical, this assumption was checked by carrying out 
several field tests with an appropriate spring system to 
force the body of the sonde against the wall. The meas- 
urements recorded under these conditions were com- 
pared to those recorded with a regular sonde in the 
same wells, — all other conditions (logging speed, time 
constant...) being equal. 

These experiments gave confirming evidence for the 
assumption that the sonde is always lying along the wall, 
except perhaps in case of deep cavings. This is a favor- 


__able circumstance, since the tool is most sensitive to 


porosity changes in this position. The curves to be used 
with field logs therefore are the ones corresponding to 
the sonde against side wall (Chart 1 — solid curves). 


These laboratory curves show that for the most cor- 
rect interpretation of the Neutron log, it is necessary to 
have an accurate reading of borehole diameter. To a 
lesser extent, a knowledge of the mud cake thickness is 
advisable, since a thick mud cake will hold the sonde at 
a distance from the wall. 


EFFECT OF THE CASING 


WITHOUT CEMENT 
Casing sizes and average weights most frequently en- 
countered in the field were selected. A section 36 in. 
long of each size was obtained. Each casing was suitably 
attached to the sonde body, so that it covered the area 
of the source and detector, thereby eliminating the neces- 
sity of completely casing the hole. The intervals between 
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the sonde and casing, and between the casing and the 
borehole wall were filled with water. 

In a first set of experiments both the sonde and the 
casing were held against the same side of the borehole, 
by means of a suitable system attached to the sonde 
above the section of casing. 

The curves of Chart 3 show the results for a repre- 
sentative number of casings. The losses in counting rate 
seem to be a function of the casing diameter as well as 
of its thickness. For instance, there is about the same at- 
tenuation through the 514 in. casing with .244 in. wall 
as through the 7 in. casing with .420 in. wall. 

In another set of tests, the responses for a non-cen- 
tered and a centered casing were compared, the sonde 
being kept against the casing in both cases, as shown on 
Chart 4. With the casing being centered, the sonde is 
taken away from the wall, which explains the large de- 
crease of counting rate. 


WITH CEMENT 


Hydrated cement contains the equivalent of about 
50 per cent water by volume. Accordingly, replacing 
the water between casing and wall with cement should 
be equivalent to a slight decrease of formation porosity. 
The effect of cement on the logs should then be most 
evident for low porosity formations, where the Neutron 
logs are the most sensitive to porosity variations. 

In order to test this hypothesis a double-walled con- 
tainer was built from two thin galvanized iron pipes. 
The dimensions of the container were such that after oil 
well cement was placed inside, the resulting form was 
essentially a cement sleeve 36 in. long and having an 
annular thickness of 24% in. and an inside diameter just 
large enough to contain the sonde. Provision was made 
for attaching this cement section to the sonde housing in 
a manner identical to that employed with the casing ex- 
periments. 
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A log was first run with the sonde and double-walled 
container full of water centered in the 10 in. hole (Curve 
A). The double-walled container was then filled with 
neat cement and the log repeated (Curve B). The re- 
sults are shown on Chart 5. Also shown are the count- 
ing rates with the centered sonde alone (Curve C). 

Comparison of A and C merely indicates the absorb- 
ing effect of the container wall material. Comparison of 
A and B shows that the cement increases the counting 
rates, as expected, except at high porosities where it 
causes a small decrease; this is very likely due to a re- 
duction of the scattered gamma component by the more 
dense cement. 

It is apparent from these results that the effect of cas- 
ing as shown on Charts 3 and 4 will not be as pro- 
nounced when the casing is cemented. However, it is 
difficult to provide accurate data for either cemented 
or uncemented casing for use with field logs, since the 
exact geometry of the casing and cement is rarely 
known. 


EFFECT OF THE Mup WEIGHT 


Experimental arrangements for determining the effect 
of drilling mud on the Neutron curve were designed to 
reproduce as closely as possible some of the conditions 
found in actual practice. A bentonite-water solution was 
used for suspending the barite weighting material, and 
these two mud components were adjusted successively in 
steps to give drilling mud weights from 8.3 Ib (water) 
to 16 lb/gal. A mud pump, with associated gear, such as 
pressure hose, valves, a mixing barrel, stirrer and suit- 
able pipe, provided a means whereby the mud was mixed 
and circulated in one continuous operation. At intervals 
the circulation was stopped and logs were made with 
both centered and non-centered sondes., 

The over-all effect of increasing mud density is to in- 
crease the counting rates somewhat, but to a negligible 
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extent within the range of usual mud weights. It could 
be presumed that in going from water which weighs 8.3 
1b/gal to a mud weighing 16 Ib/gal the increased ab- 
sorption of the gamma rays by the barium sulphate 
weighting material would cause the Neutron curve to 
suffer attenuation which increases with the mud weight. 
However, associated with the increase in mud weight is 
a decreasing water content, because of the addition of 
weighting material. The reduction in hydrogen content 
around the sonde slightly over-compensates for the in- 
creased gamma ray absorption in the mud. 


EFFECT OF WATER SALINITY 
It is well known that the drill hole fluids generally en- 


countered in well logging are sale to some extent. In_ 


some regions of oil production the condition of the 


fluid approaches saturation. As the chlorine in the salt - 


absorbs slow neutrons rather strongly, it can be expected 
that variations of mud salinity might affect the logs. In 
order to check this effect, logs were run in the 6, 8, and 
10 in. test holes with waters of different salinites. 

The results obtained with waters of salinities equal to 
120,000 PPM (0.065 ohm-m) and 350 PPM (14 ohm- 
m), respectively, are given in Chart 6. The counting 
rate increases with increasing mud salinity. It appears 
that the increase is a linear function of salinity, as shown 

_in Chart 7, when the results for a 50,000 PPM salinity 
are included. 

The strong neutron absorption in chlorine will tend to 
reduce the slow neutron concentration in the vicinity of 
the detector, and accordingly, will tend to reduce the 
counting rate. However, chlorine emits many penetrat- 
ing capture gamma rays which are detected more effi- 
ciently by the counter. The latter effect predominates, 
the net result being a slight increase in counting rates 
with increasing salinity. 


Except for high salinity muds — which generally pre- 
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vail when salt rocks have been drilled through — the 
mud salinities usually are less than about 20,000 PPM. 
Accordingly, the effect of variations of salinity for usual 
muds is small enough to be negligible. 


FIELD EXAMPLE 


Fig. 3 shows two Neutron logs recorded in a 6% in. 
diameter hole, and then in the same well after the hole 
had been reamed to 8% in. diameter. The Neutron logs 
are accompanied with the Gamma Ray curve and the 
MicroLog for comparison. The formations in the inter- 
val under consideration are dolomitic limestones. 


The correlation between the two Neutron logs is very 
good. The average level of counting rate is appreciably 


__higher in the 6% in. hole than in the 8% in. hole, as 


could be expected. 


Taking the permeable interval A, delineated by the 
MicroLog, the average values of standard counts per 
second are equal respectively to 355 and 300 for the 
6% in. and the 8% in. holes. 


If the laboratory curves are accurate, these two values 
when entered into Chart 1 should correspond to the 
same value of hydrogen index. This is actually the re- 
sult given by the chart: with a proper interpolation be- 
tween the curves, the hydrogen index is found equal to 
about 10.5 per cent in both cases. 

The average value of porosity, as given by core 
analysis over the same interval, was 11.8 per cent. Such 
good checks between hydrogen index derived from the 
Neutron log by means of the laboratory charts and por- 
osity values from core analysis are frequently obtained 

‘in open holes and for clean formations. 


EMPTY BOREHOLES 


It is sometimes necessary to run Neutron logs in cer- 
tain areas where the holes are drilled with cable tools or 
where gas or air are used as drilling fluids. In the case 
of some work-over wells, too, the hole may be cased 
and the liquid bailed out. This condition of an empty 
hole was experimentally investigated by emptying water 
from the 6, 8, and 10 in. boreholes and running logs in 

~ them. The holes were not emptied below 18 ft from the 
top of the pit for fear that the buoyant effect of the 
surrounding water would float out the liners. Thus, the 
curves have been extrapolated for values of hydrogen 
index above 14.5 per cent. 

Chart 8 displays the counting rates obtained in the 
three holes with no water in them and with the sonde 
against the wall. 

In one set of tests, the instrument with the standard 
source-detector spacing of 20 in. was used (solid curves). 
The chart shows that, for the 6 in. hole, the counting 
rate increases with a decrease in hydrogen content. How- 
ever, the slope of the curve is greater than in the case 
of a water-filled hole (dashed curve), i.e., the resolu- 
tion in terms of hydrogen index is less. For the larger 
diameter boreholes, there is a reversal of the slope of 
the curves: a decrease of counting rate with decreasing 
hydrogen index. In all cases, the counting rates are 
about double the rates obtained with fluid filled holes. 

A qualitative explanation of these effects is that with 
increasing hole diameter, more and more of the neutrons 
diffuse up the empty hole. Therefore, the counting rate 
is determined more and more by the percentage of these 
neutrons which happen to be captured in the vicinity 
of the detector. 

In another set of experiments, the spacing of the 
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sonde was increased to 26 in. The corresponding curves 


(dotted lines) show that lengthening the spacing to 26 
in, decreases the counting rates in general, but greatly 
improves the resolution in terms of hydrogen content 
for the 6 in. hole. For the 8 and 10 in. holes, an even 
longer spacing would probably restore the normal trend. 

In addition, the laboratory tests showed that centering 
the device in an empty hole causes a slight increase in 
counting rate. This is also a reversal from the usual 

_ trend in the case of water-filled holes. Furthermore, the 
presence of a casing tends to shift the curves back to 
the normal trend, i.e., increasing counting rate for de- 
creasing porosity. This latter effect has been verified by 
field experience. 

The empty hole curves of Chart 8 should be consid- 
ered as approximate only, since no correction has been 
applied for the effect of the aluminum liners. Due to the 
diffusion effect mentioned above, this correction may be 
appreciable. However the general trends indicated by 
the chart are undoubtedly correct. 


EFFECT OF BED THICKNESS 


In order to determine the effect of bed thickness on 
the amplitude of the Neutron log deflections, the be- 
havior of the Neutron curves at the boundary between 
two formations with different porosities was investigated. 

If a log is recorded under static conditions, i.e. at an 
extremely low speed, the shape of the curve is illus- 
trated on Fig. 2. A transition zone extends above and 
below each interface over a distance of about a foot. 
This is due partly to the separation between source and 
detector and partly to the depth of penetration of the 
neutrons into the formation. 

Under actual logging conditions, a lag occurs because 
of the time constant of the counting rate recording cir- 

_cuit.* As a result of these effects, the peak of the curve 
at the level of a very thin bed is shifted from the cen- 
ter of the bed toward the upper boundary and the am- 
plitude of the deflection is reduced. Both effects become 
more pronounced when the time constant and the log- 
ging speed are increased. 

In order to provide corrections for these effects, a 
series of experiments and computations were performed. 
First, the exact shape of the Neutron curve at an inter- 
face was determined experimentally under static condi- 
tions for the case of the 6 in. hole, sonde against the 
side wall. By introducing the logging speed, this curve 
was converted into a function of time instead of depth. 
This function, which is approximately linear and was 
approximated as such, represents the signal which is fed 
into the counting rate recording circuit. Knowing the 
characteristics of the circuits, computations were then 


made to determine the corresponding output signal. The 
conversion of this signal back in terms of depth gives 
the actual shape of the curve at a boundary for the time 
constant and logging speed used in the computations. 

The computations were made for exponential time 
constants of 1, 2 and 3 seconds, and for logging speeds 
ranging from 0 to 10,800 ft/hr. Chart 9 gives the re- 
sults for the time constant of two seconds. The ampli- 
tudes of the deflections are plotted as ordinates and the 
depths in feet from the level of the boundary are plotted 
as abscissae. The values of 0 and 1 are arbitrarily taken 
for the counting rates opposite the formations at suffi- 
cient distance below and above the interface. The de- 
flections at each depth are therefore counted in frac- 
tions of the maximum deflection. 

It can be seen from Chart 9 that, for usual logging 
conditions, i.e. two second time constant and 1,800 ft/hr 
speed, the percentages of maximum deflection reached 
for thin beds are as follows: * 


Bed Thickness % Maximum Deflection 


Consequently athe correction factor 1 is Fechieible for beds 
thicker than about 4 ft. 


CONCLUSION 


The effects of various borehole conditions on the 
response of the Neutron logs have been investigated in 
the laboratory. The results of the experiments have been 
presented in a number of charts in which hydrogen in- 
dex is plotted vs counting rate. 

The following conclusions can be derived from this 
investigation: 

1. The influence of the variations of hole diameter is 
important and can be taken into account in the inter- 
pretation of the logs by means of the charts. 

2. The presence of casing and cement has an ap- 
preciable effect, which depends on the positions of 
the casing and of the sonde in the borehole. 

3. The variations of mud density can be neglected. 

4, Increasing mud salinity increases the counting rate, 
all other conditions being the same. This effect, never- 
theless, is not important except when the salinity be- 
comes very high. 

5. In the case of empty holes, and with the type of 


*The counting rate begins to decrease about 9 in. before the reference 
point reaches the upper boundary. 
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logging instrument used at present, the interpretation of 
the Neutron logs becomes difficult for hole diameters 
greater than 6 in. Some improvement can be obtained 
by increasing the spacing. 

6. The position of the logging instrument with re- 
spect to the wall of the hole is a critical factor. Field 
experiments have shown, nevertheless, that the sonde 
practically always applies against the wall except in the 
case of large cavings. 

Furthermore, the corrections for bed thickness have 
been determined by computations based on experimen- 
tal results. It has been found that when the thickness 
exceeds about 4 ft, no correction is necessary when 
the log is recorded with the recommended logging speed 
and time constant. 

The charts presented in this paper are primarily in- 
tended to show the relative effects of variations in bore- 
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hole conditions. They can be used in favorable condi- 
tions for porosity estimation provided all the factors in- 
fluencing the response of the logs are carefully accounted 
for. 
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ABSTRACT 


A new pozzolanic composition has been developed for 
cementing oil wells where moderate to high tempera- 
tures prevail. This material is an entirely different con- 
cept to other oil well cementing materials, such as 
portland cements, cements containing additives, or liquid 
resins. Its characteristics are such that it is not, at_pres- 
ent, recommended for use at temperatures less than 
140° F. It can be either accelerated or retarded across 
a wide range of well conditions. 
This new cement is composed of a pozzolanic ma- 
terial, hydrated lime, and a chemical activator to give 
it early initial strength. This material can be used in 
wells from 6,000 to 18,000 or more feet where tempera- 
ture conditions are similar to those along the Gulf 
Coast. This cement, when set, has no soluble portion 
subject to leaching or any compounds that should be 
attacked by sulfate waters or brines. For this reason, it 
should be permanent when placed adjacent to forma- 
tions carrying any type of fluid. 
The compressive strengths in 24 hours are more than 
adequate for wells where temperatures are 140°F and 
higher. These values are in excess of many other types 
of cementing composition presently in use in the field. 
This pozzolanic composition does not retrogress in 
strength at high temperatures as do some other types of 
_cementing materials. 

The slurry weights of this material will vary slightly 
according to the specific gravity and water requirements 
of the pozzolan itself. The materials covered herein will 
mix from 13.5 to 14.3 Ib/gal, and will have a waiting- 
on-cement time comparable to other materials used 
under the same conditions. 
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Economically speaking, this composition is less expen- 
sive than either portland cements or retarded cements 
presently being used under deep well conditions. 


INTRODUCTION 


Pozzolans are “siliceous material which, though not 
cementitious in themselves, contain constituents which 
at ordinary temperatures will combine with lime in the 
presence of water to form compounds which have a low 
solubility and possess cementing properties.”* The use of 
pozzolanic materials dates back many hundreds of years 
and both the ancient Greeks and Romans were aware 


- that certain volcanic deposits, if finely ground and mixed 


with lime and sand, yielded a mortar which possessed 
special properties.’ Generally, the early strengths of such 
materials were rather weak and were considered insuf- 
ficient for modern commercial usages. 

Pozzolanic materials have been used extensively with 
portland cement in mass concrete to obtain special 
properties. In recent years, large quantities of certain 
pozzolanic materials have been used successfully ad- 
mixed into portland cements for oil well cementing. 
Pozzolans, being reactive silicates, will combine with 
the free lime that is an inherent component of set port- 
land cements and thereby, becomes cementitious them- 
selves. 


POZZOLANS FOR OIL WELL CEMENTING 


There are many types of pozzolans, some of which 
are more reactive than others. The quality of the pozzo- 
lan depends on the degree of reactivity, chemical com- 
position, fineness, and other less well understood factors. 
Some of the more widely accepted pozzolans are those 
classified as fly ashes, while others are certain materials 
of volcanic origin. Pozzolans which require large vol- 


1References given at end of paper. 


umes of water to produce pumpable slurries are gen- 
erally unsatisfactory. This paper will deal principally 
with those pozzolans commonly called fly ashes. 

Fly ash is the combustion product resulting from the 
burning of pulverized coal in steam generating plants. 
After burning, the ash is collected on electrical or me- 
chanical precipitators in the form of a grey powdery 
substance having a high degree of fineness. Fig. 1 is 
a photomicrograph illustrating the physical appearance 
of fly ash when magnified 250 times. As shown, most of 
the particles are spherical in shape. These round parti- 
cles function as tiny ball bearings producing a slurry 
having low friction loss during displacement. A typical 
analysis of a good quality fly ash is as follows: 

Per cent 


Silicon Dioxide 40.54 
Iron Oxide 23.19 
M ium Oxide 1.05 
Calcium Oxide 6.31 
Sulphur Trioxide 1.55 
Loss on Ignition 2.76 
Sieve Analysis 

Passing 200 mesh sieve 98.2 

Passing 325 mesh sieve 793.5 
Surface Area (Blaine) — Square centimeters per gram_................... 3,062 


Fig. 2 shows the free lime content of set portland 
cement (ASTM Type I), a pozzolan-portland cement 
mixture, and pozzolan-lime composition at various times 
to 28 days. Laboratory investigations reveal that hy- 
drated lime added to pozzolans combines very rapidly 
under the recommended conditions, and after 24 hours 
there is only very slight evidence of any free lime re- 
maining. X-ray diffraction studies confirm these chemi- 
cal behaviors of pozzolan and lime as well as that of 
portland cement. 


Pozzolan-lime slurries used above ground have a dis- 
advantage in that hardening is slow at atmospheric tem- 
perature and pressure. This disadvantage is eliminated in 
the cementing of oil wells where extended pumping time 
is desirable and where the accelerating effects of high 
temperature and pressure promote early hardening of 
such mixtures once in place in the well. Considerable 
investigation revealed that this reaction can be activated 
with small amounts of various chemicals to produce a 
cementitious material that has satisfactory strengths in 
24 hours at temperatures as low as 140° F. When mixed 
with the proper amount of activator or retarder, these 
materials can be controlled to allow adequate placement 
time in wells from 6,000 to 18,000 or more feet in 
depth where temperatures are comparable to those 
shown in Table 1. 


Fic. 1 — Fly AsH, PHOTOMICROGRAPH-MAGNIFICATION 
250X. 
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CHEMICAL AND PHYSICAL PROPERTIES 

The compounds formed in the chemical reaction of 
these materials when mixed with water are not yet com- 
pletely understood. 

From a study of literature, it is inferred that the 
“reaction products which contain the reactive silica of 
the material may be either the hydrated calcium silicate 
or the hydrated silico-aluminate, whereas the alumina 
containing products may be either the tetracalcium alu- 
minate-hydrate or the silico-aluminate.”” 

Due to the complex nature of the chemistry of cal- 
cium-alumino-silicate of cements, no attempt will be 
made at this time to explain the exact chemical behavior 
of this new cementing composition. 

An extensive study has been made on the physical 
behavior of this cement under various well conditions. 
An investigation of various sources of this material re- 
veals that some fly ashes are more reactive and have 
properties which produce products that are equal or 
superior to many cements in common use. Continual 
analysis of fly ash from a given plant over a period of 
months indicates that the material is very uniform in its 
chemical and physical behavior. 


MIXING AND BLENDING OF MATERIALS 

The pozzolan-lime materials are handled through con- 
ventional bulk cement stations where these components 
are uniformly blended in a batch type bulk plant as illus- 
trated in Fig. 3. In this type of system the components 
are individually weighed into a mechanical blendor 
where they are intimately and uniformly mixed into 
a homogenous blend. Small amounts of retarder can be 
accurately proportioned and properly blended in these 
systems. This techniques of proportioning and blending 
makes possible the formulation of specific compositions 
to meet any requirements of well depths and tempera- 
tures. Transportation to the well and mixing on location 
are handled in much the same way as any other ma- 
terial. 


TABLE 1 — AVERAGE TEMPERATURE GRADIENT FOR GULF COAST* 


Well Bottom Hole Temperature °F Mud Discharge 
Depth Static Circulating Temperature °F 
4,000 140 103 100 
6,000 170 113 108 
8,000 200 125 118 
10,000 230 144 130 
12,000 260 172 146 
14,000 290 206 168 
16,000 320 248 199 
18,000 350 300 240 
*Data from study made by API Special Subcommittee on Oil Well 
Cements. 
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SLURRY PROPERTIES 


The physical characteristics of pozzolan-lime slurries 
were evaluated by techniques and procedures outlined 
in API RP IOB, “Recommended Practices for Testing 
Oil Well Cements.” It can be observed from typical 
values shown in Table 2 that these compositions require 
approximately the same mixing water requirements as 
conventional cements; however, due to differences in 
specific gravities, they will weigh somewhat less. A sack 
of dry material will weigh 74 lb without additives, and 
will have an absolute volume of 3.6 gal, the same as 
portland cement. 


TABLE 2 — SLURRY PROPERTIES 
Retarded 


Pozzolan Cement 
Weight, pounds per sack... 74 94 
Water, gallons per sack 4.5 - 5.0 4.5 - 5.4 
Slurry weight, Ib/gal 13.8 -14.3 15.5 -16.3 
Slurry volume, cu ft per sack... 2 121 1.07 - 1.20 


THICKENING TIMES 


Laboratory evaluations of the fluidity of pozzolan- 
lime slurries were determined on the Stanolind high 
pressures thickening time tester which simulates tem- 
peratures and pressures actually encountered when ce- 
menting wells. Typical values for thickening times under 
well depths ranging from 6,000 to 16,000 ft are given 
in Figs. 4 and 5. These values are shown with varying 
percentages of a lignin-type retarder. It would be advis- 
able to use chemical retarders in wells where static tem- 
peratures exceed 230°F (approximately 10,000 ft 
depths) to insure adequate placement time. It should be 
noted that all values without retarder have ample fluid- 
ity under 230° F to give thickening times of three hours 
or more. Fig. 5 and Table 3 indicate that the pozzolan- 
lime composition can be successfully retarded to meet 
API specifications for deep well cements. Comparative 
values for different retarded cements are shown in 
Fig. 6. 

For well conditions beyond 14,000 ft, laboratory data 
reveals the possibility of formulating blends of pozzolan- 
lime cement to allow longer pumpability than presently 
possible with conventional retarded cements. These 
values for 16,000 and 18,000 ft well conditions are 
shown in Table 3. 


SLURRY DENSITY 

In recent years considerable emphasis has been placed 
on light weight cementing compositions. Low density 
slurries are certainly an advantage in those areas where 
formations will not support heavy cement columns. In 
many instances, there is a possibility of losing circulation 
in zones being cemented if neat portland cement is used. 

Pozzolan-lime slurries will mix at approximately 
2 1b/gal lighter than regular neat cement. This difference 
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TABLE 3 — POZZOLAN-LIME COMPOSITION 


Per cent Well Static Thickening Time 

Retarder Depth Temperature °F Hours:Minutes 
0.3 16,000 320 2:02 
0.5 16,000 320 2:31 
0.75 16,000 320 2:58 
1.00 16,000 320 3:40 
150 16,000 320 4:59 
2.00 16,000 320 3:47* 
2.00 16,000 320 3:21** 
1.50 18,000 350 2:36 
2.00 18,000 350 3:56 


*Slurry weighted to 17.5 |b/gal with barium sulfate. 
**Slurry weighted to 19.0 Ib/gal with barium sulfate. 


being principally due to the specific gravity of fly ash 
as compared to cement. Thus a lighter weight slurry is 
obtained without using special additives such as benton- 
ite and water. This reduction of slurry density results in 
lower pump pressure while displacing and increased fill 
up of cement between the casing and formation for 
a given hydrostatic pressure. 

Where heavier slurries are required, the weight can be 
increased by the use of barium sulfate or other high 
density weighting materials. 


STRENGTHS 


The accepted criteria of strengths for oil well cements 
will vary with operators and localities. Earlier investi- 
gators’ have found that high strength cements are not 
necessary; consequently, many operators consider 500 
psi satisfactory before resuming rig operations. 

When used under temperatures greater than 140° F, 
these pozzolanic compositions have strengths that are 
more than adequate and meet specified requirements set 
forth for oil well cements. 

At temperatures less than 140° F the compressive and 
tensile strengths are very low in 24 hours, but later will 
set hard and can be used if early strength is not con- 
sidered significant. Typical strength values under various 
temperatures are shown in Fig. 7. The values on speci- 
mens cured at temperatures less than 200° F were under 
atmospheric pressure. Corresponding slurries cured 
under’ pressure should produce greater strengths. All 
slurries cured at temperatures above 200° F were under 
3,000 psi pressure and contained a chemical retarder. In 
Fig. 8 comparative strength values are illustrated under 
curing conditions up to seven days at 140° F. 

Previous studies on strengths of cements under high 
temperatures’ show that retrogression occurs at tempera- 
tures above 220° F in many types of cements. Investiga- 
tions of this phenomena are given in Fig. 9, which shows 
values of this new cementing material under different 
temperature conditions. Data obtained at 220° F and 
268° F reveal no serious evidence of strength retrogres- 
sion up to a curing time of 28 days. 
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Fic. 8 — STRENGTH COMPARISONS, PORTLAND CEMENT 
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The waiting on cement time is dependent on many 
factors, yet strength of the cement is considered the 
most significant. As previously mentioned, this material 
develops adequate strength in a minimum time which 
allows WOC times consistent with other cements and 
admixtures under the same conditions. Field experience 
to date has proven that pozzolan-lime compositions do 
not require additional waiting time at temperatures 
above 140° F. 


SLURRY COST 

Cementing costs will vary with locality and cementing 
compositions. The cost per sack of the pozzolan-lime is 
considerably less than retarded cements which would be 
used under the same conditions. Since pozzolan-lime 
slurries have properties which are superior to other 
materials, they should be more desirable for deep well 
cementing. 


EFFECT OF ADDITIVES 

The use of weight reducing additives such as benton- 
ite, perlite, etc. are not recommended in this composi- 
tion since they require large volumes of water and will 
reduce the strength of the set mass. A low water ratio 
material will produce a more dense slurry having lower 
permeability when set. Measurements have been made 
on permeabilities of pozzolan-lime slurries set under 
various conditions, and the values obtained were found 
to be in, or below, the normal range expected for port- 
land cement. 

There are occasions in which a heavy weight slurry 
may be desired in deep wells to control high pressure 
gas zones. Laboratory data show that certain weighting 
materials can be added to this composition for this pur- 
pose as shown in Table 4. 


TABLE 4 — PROPERTIES OF POZZOLAN-LIME CONTAINING 
BARIUM SULFATE. 


Barium Sulfate Slurry Weight Slurry Volume Water 
Ib Ib/gal cu ft/sack gal/sack 
— 14.40 1.17 4.55 
10 15.00 1.20 4.74 
35 16.00 1.38 5.40 
65 17.00 1257, 6.02 
100 18.00 1.78 6.61 


EFFECT OF SEA WATER FOR MIXING 

Many times for convenience or of necessity, it is 
desired to mix cement with Gulf water during offshore 
drilling operations. Such sea waters contain soluble salts 
which will accelerate the thickening time of pozzolan- 
lime slurries and should not be used without prior test- 
ing during the completion of deep wells. In wells where 
static temperatures from 140° to 230°F prevail, it is very 
possible to use Gulf water instead of fresh water. 

This will, in effect, shorten the setting time and pro- 
duce a stronger cement at an early age at low tempera- 
tures. The comparative effect of Gulf brine on this 
cement is shown in Table 5. 


FIELD RESULTS 


This new oil well cementing composition has been 
used in a number of wells in different areas at depths 
exceeding 6,000 ft. The mixing and handling of this 
material under field conditions have not varied from 
conventional cementing operations. 

The WOC times have been comparable to normal 
practices for a given location and temperature surveys 
indicate no abnormal change in the time element for 
locating the top of the cement. 


The heat liberated during the setting of the pozzolan- 
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TABLE 5 — EFFECT OF GULF BRINE ON POZZOLAN CEMENT. 


Thickening Time — Hours:Minutes 
Simulated Well Depths 


er 10,000 12,000 14,000 
Gulf Water. 228 iio 


Compressive Strength — psi 


Curing Time Fresh Water Gulf Water 


Days 140° F 180° F 140° F 180° F 
1 1,420 3,350 2,255 2,665 
3 3,410 4,285 4,100 3,650 
7 4,070 3,934 4,335 3925 


lime composition is somewhat less than regular cement 
but is sufficient to locate the cementing top. 

On these jobs the wells have been completed either by 
perforating and/or fracturing and show no evidence of 
communication or channeling behind the pipe. Si4 

It has been observed that pozzolanic compositions 
differ from other cementing materials in that they do 
not possess high gelling properties upon setting. When 
allowed to set static for short periods of time portland 
cements will gel rapidly and require high pressure for 
movement. Pozzolan-lime compositions have been found 
to possess very low gelling properties upon setting and 
can be moved with much lower pressures after stand- 
ing. 

The lower pressures encountered while pumping or 
displacing pozzolanic materials are due to a combination 
of the lighter slurry weights and the characteristic of 
the spherical particles which function as tiny ball bear- 
ings in the slurry. 

In summary, the performance of this cementing com- 
position under actual field conditions has been very 
satisfactory and does not appear to be abnormal in any 
respect as to handling, mixing or in well completion 
practices. 


CONCLUSIONS 


_ 1. The results of laboratory and field tests on pozzo- 
lan-lime compositions show that they can be used from 
6,000 ft or deeper in wells where temperature conditions 
are comparable to those along the Gulf Coast. 

2. This material has been found to be uniform in its 
chemical and physical behavior and meets or exceeds 
specifications for thickening time and strength for deep 
well cements. 

3. Pozzolanic-lime materials are readily available and 
can be formulated in field distribution plants to meet 
specific well requirements of depth and temperature. 

4. This material is very economical and is appreci- 
ably cheaper than many of the other cements when used 
under the same conditions. 

5. Pozzolan-lime slurries will weigh from 13.5 to 14.3 
lb/gal and offer a lighter weight slurry without the use 
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of other additives. These slurry weights can be increased 
by the use of special weighting materials to a density of 
19 lb/gal and still provide good pumpability and 
strengths upon setting. 

6. Displacement pressures are normally lower due to 
its spherical shape composition which results in low fric- 
tion loss. It does not possess a high degree of thixot- 
ropy which would cause the slurry to gel when allowed 
to remain static for short periods of time. 
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DISCUSSION 


D. W. HOLLAND 


The author is to be commended for his development 
work and presentation of this new deep well cementing 
material. 

In his paper he has stated this new pozzolan-lime 
material has been successfully used a number of times 


CITIES SERVICE OIL CO. 
LINDSAY, OKLA. 


in different areas. Cities Service operations employing 
this material in the Lindsay, Okla., area, to date 
have numbered five. Depth of operations has varied 
from 8,650 ft to below 13,000 ft with corresponding 
BHT of 150° and 205° respectively. As indicated by 
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these field operations, this experimental cementing ma- 
terial is a working substitute for regular and retarded 
oil well cements in the Lindsay area. 

Briefly one such operation which substantuates this 
thinking consisted of successfully cementing 10,300 ft of 
514-in. casing in two stages, using accepted stage ce- 
menting equipment and procedures. During mixing and 
pumping operations no abnormalities or deviation from 
normal cementing operations for this area were ob- 
served. Displacement pressures were comparable to 
operations using regular portland cement. Cement top 
was located by temperature survey indicating a fill-up 
of 41.2 per cent, which is considered competitive to 
regular oil well cements in this area. Two upper produc- 
tive sand bodies separated by 107 ft were individually 
perforated, tested and hydraulic fracture treated with no 
indication of channeling or communication, even though 
surface recorded maximum treating pressures were 5,400 
and 6,500 psi. 

To date, the most strenuous test for this material con- 
sisted of perforating a low permeability sand zone and 
unsuccessfully attempting to break down the zone with 
maximum pressures of 8,500 psi. Re-perforating this 


zone substantuated the fact that this 8,500 psi was im- 
posed against the cementing material and sand face. 

Of the five Cities Service cementing operations per- 
formed to date using this new cementing material, only 
one has given any indication of being unsuccessful. Dur- 
ring this operation 1,900 sacks of cementing material 
were mixed, pumped and displaced in two stages, with 
no returns on either stage. It is felt that due to this 
severe lost circulation, and the fact that the well started 
to flow back behind the pipe for 18 hours after cement- 
ing operations had terminated, indicating agitation in the 
wellbore, the cementing material was not given ade- 
quate opportunity to set. 

Another major operator in this area has used this 
material on four occasions and has had repeated satis- 
factory performance. 

Although this material has been used only a short 
time in the Lindsay area, no indications have been ob- 
served that this material is not permanent in nature. 

In view of the presently existing cement shortage, a 
known and tested substitute for conventional oil well 
cementing material is considered a worthwhile contribu- 
tion to the oil and gas industry. 


DISCUSSION 


LEWIS CREWS 


Our company is interested in pozzolan-lime cement 
and has completed one trial run. The cement handled 
normally in every respect for cementation, and the well 
behaved normally for completion and since completed 
in the middle of July, 1955. 

The well was a 9,100 ft deviated hole in Dixon Bay 
field about 10 miles south of Venice, La. The string 
was 7 in. in 9%-in. hole drilled with an 11-lb oil 
emulsion mud. Kick-off point was 5,333 ft. Deviation 
was 20° and bottom hole temperature was 176°F. The 
operation used 55 centralizers in a varied pattern from 
200 ft above the kick-off point to shoe. The string was 
run to bottom, picked up 1 ft and left right there. Mud 
was circulated 142 hours before cementing with 800 
sacks pozzolan-lime cement using two plugs. The casing 
ran free and circulation was good throughout the job. 
Plug was bumped with 1,600 Ib. A 1 ft interval 10 ft 
below the production interval was perforated and 
squeezed with 150 sacks slo-set cement. This squeez- 
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ing is standard practice. Squeeze was obtained on the 
first try. The well came in clean and has produced clean 
since then. At present the well is being watched for a 
while before making another run. 

The only advantages of pozzolan-lime cement ex- 
hibited here were in the lower pump pressure required 
to pump the plug down, and in the cement bill which 
was 20 per cent lower. Also the lower slurry weight was 
present and may have helped prevent cement loss to 
the formation. No rig time was saved or lost. 

We hope the other advantages of pozzolan-lime ce- 
ment over competitive materials indicated by labora- 
tory tests will be field proven because they would help 
us in our operations. Especially it would be a great 
convenience to be able to use sea water for cementing. 
At present the only criticism we have of pozzolan-lime 
cement is that, to our knowledge, it has not been field 
tested sufficiently to permit adoption with complete 
confidence. took 
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ABS ERACT 


In quantitative interpretation of electrical logs the 
presence of clay minerals introduces an additional vari- 
able which further complicates an already complex prob- 
lem. Although recognizing the difficulties introduced as 
a result of the heterogeneity of natural sediments and 
despite the present incomplete state of knowledge re- 
garding electrochemical behavior of shales, disseminated 
clay minerals and concentrated electrolytes, it was felt 
that useful empirical correlations might be obtained 
from experimental investigation. 

Six typical sandstone formations, having a wide va- 
riety of petrophysical properties, were selected for the 
study. Approximately 45 samples from each formation 
were selected to satisfactorily represent the range of pore 
size distribution within the particular formation. As a 
matter of general interest, four limestone formations 
were also included in the investigation. 

Previously proposed equations relating to resistivity, 
SP and interrelationship of the two phenomena have, 
where possible, been tested with data obtained in this 
investigation. These equations do not satisfactorily de- 
scribe experimental behavior of samples through all 
degrees of shaliness or throughout the range of brine 
solution resistivities normally encountered in logging 
practice. 

An empirical equation has been developed which 
quantitatively relates formation resistivity factor to sat- 
urating solution resistivity, porosity, and “effective clay 
content.” This relation is indicated to be uniformly 
applicable to clean or shaly reservoir rocks. 


Original manuscript received in Petroleum Branch office on July 
18, 1955. Revised manuscript received on Dec. 16, 1955. Paper pre- 
sented at Petroleum Branch Fall Meeting in New Orleans, Oct. 2-5, 


1955. 


It is shown that both the SP and resistivity phenom- 
ena of shaly samples are related to the sample cation 
exchange capacity per unit pore volume. The independ- 
ent chemical determination of this parameter is thus 
a means of determining the “effective clay content” of 
samples. 

Some implications regarding theory and electric log 
interpretation of shaly sands are discussed. 


INTRODUCTION 


The use of electrical resistivity logs as a means fa 
estimating formation porosity is based upon the original 
work of Archie’. It was shown by empirical methods 
that the resistivity of a rock, when 100 per cent sat- 
urated with brine solution, could be related to rock 
porosity through the equation, 

where F, the formation resistivity factor, is defined as 
the ratio of the resistivity of the 100 per cent water 
saturated rock, R,, to the saturating solution resistivity, 
R,; f is the ratio of pore volume to bulk volume; and 
m is the slope of the average line when the data are 
plotted on log-log paper. This relation was established 
for relatively shale-free formations containing water 
having high salt concentrations, and under these con- 
ditions F may be considered constant for a given rock 
sample. Applications of Eq. 1 to interpretation of logs 
of shale-free formations has been quite successful when 
satisfactory formation water resistivity data could be 
obtained. 

The most readily available means of estimating for- 
mation water resistivity is the self-potential log. Conven- 
tional methods of SP log interpretation involve correct- 
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ing the total potential for streaming potential contribu- 
tion, then estimating R, from an equation of the type 
originally proposed by the Schlumbergers and Leo- 
nardon’. The form most commonly used is, 

where E, is the electrochemical component of the SP, 
Riz is the mud filtrate resistivity, and K is a constant for 
a given temperature. Again, this technique has been 
reasonably successful when applied to logs of formations 
containing very little clay mineral. 

Interpretation of electrical logs of shaly and fresh 
water-bearing sands has, however, been difficult or im- 
possible because of insufficient quantitative knowledge 
regarding the effect of clay minerals on the electrical 
properties of reservoir rocks. Examples of the complica- 
tions which may be encountered are: (1) clean water- 
bearing sands may, for the same formation water salin- 
ity, be more resistive than oil-bearing shaly sands; and 
(2) conventional interpretation of the SP curve for shaly 
formations results in erroneous salinities of interstitial 
waters, particularly when waters are relatively fresh. 

That the oil industry has long recognized the impor- 
tance of these problems is indicated by publication of 
numerous papers since 1949. Outstanding contributions 
are those of Wyllie and co-workers’**, Doll’, de Witte’, 
Winsauer and co-workers**”, and Poupon, Loy and 
Tixier’. Many of these contributions have been based 
on theoretical developments for some particular model. 

Although improvement in interpretation has been 
made possible as a result of the many contributions, it 
is believed that quantitative interrelation of resistivity 
and SP phenomena and continued improvement in elec- 
trical log interpretation can best be accomplished by 
relatively large scale experimental studies of the electro- 
chemical properties of reservoir rocks. It is the purpose 
of this paper to present the experimental relations ob- 
tained from one such investigation. It is believed that 
these relations can form a basis for quantitative inter- 
pretation of shaly formations. 


LABORATORY INVESTIGATION 


Six sandstone formations having different general 
properties were chosen for study. As a matter of general 


interest, four limestone formations were included. Table 
1 gives general characteristics of the formations included 
in the investigation and it should be noted that these vary 
from clean sandstone and limestone to very shaly sand- 
stone. A sufficiently large number of samples was used 
in the experimental program to cover each formation’s 
characteristic range of porosity, permeability, grain size 
and degree of shaliness. 

Three general types of data — resistivity, electro- 
chemical potential, and “effective clay content” — were 
obtained from the selected samples. The general flow 
diagram of the experimental program is given in Table 2. 


METHODS AND APPARATUS 


RESISTIVITY 

When the samples had been flushed with the appro- 
priate solution, resistivities were determined in the cell 
shown schematically in Fig. 1. Cell electrodes are platin- 
ized platinum as found in conventional conductivity 
cells. Contact between solution in the rock pores and 
electrodes was achieved by means of the solution with 
which the cores had been flushed and in which they had 
been soaking. Bulk solution resistivity was obtained by 
use of a conventional conductivity cell. All resistance 
measurements were made with a commercial Leeds and 
Northup 60-cycle wheatstone bridge and galvanometer. 
Laboratory temperature was controlled to 77° F, +3°. 


After the initial determination of resistivities for a 
particular group of samples, the samples were sealed in 
containers under the salt solution with which they had 
been saturated and were allowed to soak an additionai 
period of time. Resistivities were again determined and 
the process repeated until successive determinations in- 
dicated no further change of resistivities with time of 
soaking. The time required for obtaining constant re- 
sistivities varied from a few weeks to several months, 
depending on characteristics of the samples and salinity 
of the saturating solution. 


ELECTROCHEMICAL POTENTIAL 


Fig. 2 is a simplified flow system for one of the cells 
used for measuring electrochemical potentials. Since the 
concentrated solution in this cell was always in the bot- 
tom portion, it was usually possible to maintain a fairly 


TABLE 1 — DESCRIPTION AND PETROPHYSICAL CHARACTERISTICS OF ROCKS INVESTIGATED 


Characteristic Range 


Suite Age, No. of Perm. Porosity F.o. = f-m F.o1 = 
Type of Formation Number Description Locality Samples (md) (%) “nm Mgt! met 
Clean Sandstones 1 Clean, medium to fine grained friable quartz Miocene 35 0.2-1500 11-26 1.76 0.78 1.92 
sand. Major cement material present is cal- Weeks Island, ; ; 
cite and quartz. Louisiana 

2 Clean, fine grained friable quartz sand. Cretaceous Paluxy sand, 50 0.1-1500 8-26 1.78 0.47 2.23 

Somewhat argillaceous. Quitman, Texas; and 
Mitchell Creek, Texas 
3 Clean, fine to very fine grained consolidated Ordovician 44 0.1-300 7-15 1.82 Be He 7a 
quartz sand. Simpson sand, 
Marshall, Oklahoma 
Shaly Sandstones 4 Micaceous, shaly, fine grained to silty hard Eocene 72 0.1-100 9-22 1.96 1.8 1:64 
quartz sand. Cementing material is chiefly Lower Wilcox sand, (Two : : 
quartz. Sheridan, Texas Groups) 

5 Highly calcareous, shaly, medium to fine Oligocene 63 0.1-1500 7-26 1.98 Ney N65: 
grained arkosic sandstone. Cementing ma- Frio sand, (Two : 
terial is chiefly calcite. Seeligson, Texas Groups) 

Very Shaly 6 Very shaly, very fine grained to silty, con- Cretaceous, 36 0.1-15 7-31 2.15 Ve7 1280 
Sandstones solidated quartz sand. Taylor sand, ' 
Limestones if Medium grained fossiliferous, oolitic, lime- Cretaceous 13 0.1-80 7-19 2.02 VI) 1.64 
Type I/II] A and stone. Pettit Limestone, 
HI/1 B and C Chapel Hill, Texas 
Type III and III/I 8 Coarse to fine grained oolitic limestone. Jurassic 42 0.3-2500 9-26 1.93 0.73 2.10 
Limestone, 
agnolia 
Type Il A and B 9 Chalky siliceous limestone. Deventer’ ei a 58 0.1-15 7-30 1.96 1.2 1.88 
Crossett, Tex: 
Type II! F/VF C/B 10 Fine to very fine grained fossiliferous lime- 37. —-:0.1-70 8-30 2.08 
F/VF A stone containing a small quantity of dolo- Rodessa Limestone, 
mite and some siliceous material. Tennessee Colony, 
TOTAL 
450 0.1-2500 7-30 1.93 1.40 1.78 
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TABLE 2 — GENERALIZED FLOW DIAGRAM 


CORE SAMPLE 
l-in. X 34-in. cylindrical plug 


Determine total porosity, permeability, mount in Lucite!®, 
saturate and flush with distilled water. 


Dry, saturate with dilute salt solution and obtain 
equilibrium core resistivity (Ro). 


Measure electrochemical potential (Ec) using equilibrium 
solution from Ro determination as one solution. 


Flush with next higher concentration salt solution 
and obtain equilibrium resistivity. 
Obtain Ee at new solution resistivity ratio. 
Repeat previous step until several values are obtained. 


Cation Exchange Capacity 
(Selected samples only.) 


sharp transition zone inside the core sample. Experience 
with this apparatus emphasized the necessity of carefully 
balancing the respective solution heads so that the point 
of equal head was near the center of the core sample. 
Solution flow was maintained through use of a Sigmo- 
motor pump. A sample was placed in the cell and a 
slow flow of solution started past the core faces. Solution 
heads were adjusted to equalize near the core center. 
Potentials were measured at time intervals until a con- 
stant reading was obtained. This value was — as the 
equilibrium electrochemical potential. 

Potential measurements were made with a Beckmann 
Ultrohmmeter, a vacuum tube DC millivoltmeter having 
a variable input resistance. In the usual experiments, 10° 
ohms was found satisfactory as an input resistance. The 
meter was calibrated against a Leeds and Northup 
type K-2 potentiometer and found to be accurate to 
within +3 per cent. 


CATION EXCHANGE CAPACITY 


Measurement of cation exchange capacity of samples 
was carried out using the mounted core as an ion ex- 
change column. Standardized ammonium acetate solu- 
tion was flowed through the core and the effluent solu- 
tion analyzed for ammonium ion. A slow flow of solu- 
tion through the core was continued until the concentra- 
tion of ammonium ion in the effluent solution and the 
input solution were equal. Total loss of ammonium ion 
to the sample was then calculated by mass balance and 
cation exchange capacity was calculated in milliequiva- 
lents per cubic centimeter of pore volume. 
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Core Resistivity vs Resistivity of Saturating Solution: 
Variation of core resistivity, R,, with saturating solution 
resistivity, R,, for 10 typical samples is shown in Figs. 
3 and 4. Inspection of these data shows that for each 
sample a regular relationship exists between the two 
variables and thus the data should be amenable to 
mathematical expression. 

It has been previously suggested by Patnode and 
Wyllie’ and de Witte’ that the resistivity of reservoir 
rocks can be expressed by an equation of the type: 

where C is a constant related to the clay mineral of the 
formation and R,, F, and R,, have their usual signifi- 
cance. 

If Eq. 3 is multiplied by R, and rewritten as: 

it is evident that a graph of the reciprocal of the appar- 
ent formation factor (F,) vs R, will be linear if Eq. 3 
and 4 are valid. Fig. 5 is a graph of 1/F, vs R. for four 
of the samples shown in Figs. 3 and 4. As indicated by 
Wyllie’ and Wyllie’, et al, Eq. 4 is not valid for all 
resistivities encountered in logging practice. The data 
thus confirm the conclusion of Winsauer’, et al, that the 
experimental effect of a given quantity and distribution 
of clay mineral is not constant but must be considered 
to be a function of the saturating solution resistivity. 

Review of the data from this investigation revealed 
that a suitable equation could be written as: 

where R, is 1 ohm-cm and may be described as the 
resistivity of an arbitrarily chosen hypothetical reference 
solution. A is a constant, equal to R,/R, when R,,/R; is 
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unity, and b is a constant which, for formation samples, 
has a negative sign. Curves shown in Figs. 3 and 4 are 
calculated by Eq. 5, and it is apparent that the experi- 
mental data are accurately described. It should be em- 
phasized that the equation describes experimental data 
only when a reference resistivity of 1 ohm-cm is used. 
Eq. 5 can be divided by R,,/R, to yield: 

As is customary in logging literature, the experimental 


ratio, = has been given the symbol F, and will be 


referred to as the apparent formation resistivity factor. 
Eq. 6 reduces to: 

when 5 is set equal to zero or when b has a finite value 
but the ratio (R./R,) is unity. It is thus evident that 
clean sands and limestones may be expected to have b 
values of zero. Further, A may be interpreted as a 
formation resistivity factor at a hypothetical saturating 
solution resistivity of 1 ohm-cm. 


As it is common logging practice to express resistivi- 
ties in ohm-meters, Eq. 6 is re-written: 
or 
F, F.,,(100 R,) b log (100 (9) 


where A is replaced by F.,,, the formation resistivity 
factor extrapolated to a hypothetical saturating solution 
resistivity of 0.01 ohm-m (77° F). Fig. 6 presents the 
ratio of F, to F.», for various typical values of b, as 
a function of saturating solution resistivity. 


Eq. 9 has been statistically tested with data from 450 
samples (2,154 individual resistivity factors) and has 
been found to describe the experimental data with a 
standard deviation of approximately +1 per cent. Fig. 
7 shows the distribution of per cent deviation. Since the 
10 formations included in the investigation are of widely 
different characteristics, it seems reasonable to expect 
Eq. 9 to be widely applicable. It should be emphasized 
that the validity of Eq. 9 is dependent on experimental 
data which were obtained using a range of solution 
resistivities varying from 0.045 ohm-m to approximately 
2 ohm-m at 77° F. As this range includes the resistivi- 
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ties normally encountered in logging practice, it is read- 
ily apparent that the equation constitutes a firm basis 
for describing the variation of apparent formation re- 
sistivity factor with resistivity of saturating solution. 
Further, data presented by Perkins, et al’, which can be 
satisfactorily described by the equation, indicate that the 
applicable range of solution resistivities can be extended 
to approximately 16 ohm-m. Eq. 5 predicts that core 
resistivities go through a maximum and thereafter de- 
crease as R, increases. As this behavior seems unlikely, 
it may be that the maximum solution resistivity for 
which the equation is applicable is, 

(10) 
determined by setting the first derivative of Eq. 5 equal 
to zero and solving for Ry. 

Relation of F.; to Porosity: The work of Archie 
has emphasized the necessity of utilizing data from a 
large number of samples to establish formation resis- 
tivity factor-porosity relationships, for a given formation. 
It was also indicated that different values of m (Eq. 1) 
for different formations were to be expected. Fig. 8 
presents F, —f data for four typical formations in- 
cluded in this investigation. It is apparent that a usable 
relation exists between F ,, and porosity. As it has been 
previously shown that F ,, is equivalent to a formation 
resistivity factor extrapolated to a solution resistivity of 
0.01 ohm-m at 77° F and as it is generally recognized 
that clay mineral resistivity effects are minimized by 
using low resistivity saturating solutions, it seems reason- 
able to interpret F,; as being principally dependent on 
pore geometry. 

It has been suggested by Winsauer, et al”, that Eq. 1 
should best be written in the form: 


where a and m determined from their data have the 


values of 0.62 and —2.15 respectively. For comparison, 
the method of least mean squares has been used to 


determine values of a and m and values of m (Eq: 1: 
a = 1) for the formations included in this investigation. 
These constants are given in Table 1 and on Fig. 8. It 
is apparent that the best straight line log-log relation 
between F.,, and porosity takes the form of Eq. 11. It 
should, however, be noted that not only does the value 
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of m vary for each formation, but values of a ranging 
from 0.47 to 1.8 were obtained. 

As a matter of general interest Fig. 9 presents F .,- 
porosity data for the 450 samples used in this investiga- 
tion. Statistical determination of the best straight line 
representing all data yields: 


If this line is restricted toa = 1, Eq. 12 becomes: 


Relation of b to Caan 

Examination of the samples used in this investigation 
indicated that a broad qualitative relation existed be- 
tween quantity of clay and the value of b. As this rela- 
tion was only slightly improved by determining clay 
content using various techniques, measurement of cation 
exchange capacity was chosen as an independent chemi- 
cal method of determining “effective clay content.” 

Fig. 10 presents data for some 34 samples and clearly 
illustrates that b is a function of cation exchange ca- 
pacity per unit pore volume. Although the available 
data constitute only a fair statistical sample over the 
full range of b values and there is some indication of 
non-linearity, the relation can reasonably be represented 
by the equation: 


CEC 


where CEC/PV is Zee as milliequivalents ex- 
change capacity per cubic centimeter of pore volume. 
This relation should be of considerable aid in log inter- 
pretation when representative samples of the formation 
of interest are available for cation exchange measure- 
ments. 

Although it seems conceivable that the consolidated 
core technique might yield data which reflect clay dis- 
tribution, some small amount of data obtained for 
crushed samples indicates such is not the case. It there- 
fore appears that cation exchange capacity per unit 
pore volume is a measure of “effective clay content” 
and that knowledge of clay type, quantity, and distribu- 
tion is not required for prediction of resistivity behavior 
of shaly samples. 
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ELECTROCHEMICAL POTENTIAL DATA 


Typical data for 10 sandstones and two shale samples 
are presented in Fig. 11. These data were obtained using 
a reference solution having a constant resistivity of 
0.045 ohm-m at 77° F and are plotted as electro- 
chemical potential vs resistivity of the second solution. 
For comparison, ages calculated from the equation: 


where a+, and a+, are the mean ionic activities of the 
two solutions, and experimental liquid-liquid junction 
potentials are also presented. 


It is immediately apparent that Eq. 15 (‘“Nernst” 
potential or “perfect membrane” potential equation) 
does not describe the experimental behavior of shale 
samples throughout the solution resistivity range. For 
resistivities above about 0.30 ohm-m, Eq. 15 becomes 
approximately parallel with experimental data and 
through this part of the resistivity range the equation 
will satisfactorily describe the data. Practically, the fail- 
ure of Eq. 15 to describe experimental behavior may be 
of little importance insofar as log interpretation is con- 
cerned since it is shown by experimental data for shale 
No. 1 that the equation: 

1 2 


is satisfactory throughout the solution resistivity range 
normally encountered in logging. In view of the recog- 
nized assumptions involved in theoretical derivations of 
Eq. 15, it is believed that experimental data on carefully 
selected shale samples form a more positive basis for 
SP interpretation. 


Reference to the data for formation samples reveals 
that a more complex relation involving “effective clay 
content” exists between electrochemical potential and 
solution resistivities for these samples. The data are in 
qualitative accord with current membrane potential 
theory but cannot be expressed quantitatively by the 
various theoretical equations thus far proposed. Again, 
it seems probable that assumptions made in deriving 
theoretical equations may account for departure of these 
equations from experimental behavior. 


Because of the obvious relation between potential 
behavior and 5 and the difficulty of expressing this rela- 
tion in a useful mathematical form, electrochemical po- 
tential data were grouped by b value ranges, and all data 
within a particular group and for a particular “second” 
solution resistivity were averaged to obtain Fig. 12, a 
graph of electrochemical potential vs log of —b for 


NS b=-0.14 
Fic. 6— RATIO OF EXPERIMENTAL TO EXTRAPOLATED 
FACTOR FOR VARIOUS VALUES OF b. 


fa Ry) 198 
0.01 


Ry, (Ohm Meters 77°F) 


69 


= 


FREQUENCY 


TOTAL FACTORS + 2154 
| Nox. Dev. «410% 
Yo Dev. Foaus -|Fexpy 


Faxer 


7 +t + +6 
% DEVIATION 


Fic. 7— DISTRIBUTION OF PER CENT DEVIATION. 


various solution resistivities. Values obtained from this 
graph were then used to construct Fig. 13, a graph of 
sample potential vs second solution resistivity for sam- 
ples of various “effective clay content.” This figure also 
shows the relation for the theoretically perfect mem- 
brane and the two shales. 

From the resistivities of two sodium chloride solu- 
tions, the electrochemical potential of a sample of 
known 5 value can be obtained with Fig. 13. Also, if the 
relation for the shale is known, the total electrochemical 
potential of a shale and sand in series can be obtained. 
Assume that the resistivities of the two solutions are 
0.08 and 1.0 ohm-m, the sample has a 5 value of —0.06, 
and the shale is identical to shale No. 1. The difference 
in potential between the intersections of the curve for 
a b value of —0.06 and the ordinates of 0.08 and 1.0 is 
12 mv, the electrochemical potential of the sand. The 
electrochemical potential of the shale, found in the 
same way, is 63 mv. Because these two potentials op- 
pose each other in the SP circuit, the difference between 
them, 51 mv, is the potential of the system. The sign of 
the potential depends on which solution is considered 
the reference solution. 

Inspection of Fig. 13 reveals that as the resistivity of 
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the second solution increases, the slope of the lines in- 
creases and approaches the slope of the curve for the 
shales. This is especially true for samples having higher 
b values. Therefore, shaly sand potential behavior may 
approach shale potential behavior for high solution 
resistivities. Over the range of solution resistivities where 
the slope of the sample potential curve is nearly parallel 
to the shale potential curve, the potentials would be 
almost equal and would, therefore, cancel each other 
even though the resistivities of the two solutions differed 
by a factor of 10 or more. 

Wyllie’ et al, Perkins” et al, and Poupon” et al, have 
suggested equations for interpretation of logs from shaly 
sands. Each of these authors concludes that an equation 
of the form 

can be satisfactorily used to describe the electrochemical 
potential behavior of shaly sands which are completely 
saturated with salt solutions. 

The electrochemical potential data presented in Fig. 
11 and resistivity data presented in Figs. 3 and 4 have 
been used to calculate values of E, and R,./R, for four 
samples of widely different degrees of shaliness. Fig. 14 
shows these data for the assumption of shale behavior 
as represented by data for Shale No. 1. Fig. 15 pre- 
sents similar data for shale behavior predicted from Eq. 
15. In both cases, it is assumed that the invading fil- 
trate has a resistivity of 1 ohm-m at 77°F and form- 
ation water resisitivities are varied from 0.045 to 2 
ohm-m. Inspection of the figures indicates conclu- 
sively that the linear behavior predicted by Eq. 17 is 
not realized experimentally. 


APPLICATION TO LOG INTERPRETATION 


Methods of application to field problems will vary 
widely and will, of necessity, be controlled by the 
amount of data available relative to the total number of 
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variables. If samples are available a distinct advantage 
is realized from the fact that a definite clay parameter 
can be determined by any of three different methods. 
The parameter b for the sand can be obtained either by 
direct measurement of the cation exchange capacity, the 
electrochemical potential, or formation resistivity factors 
with a number of solutions of different concentrations. 

After determining b it is then possible to estimate 
resistivity of formation water from charts similar to Fig. 
13. Using R., b and R,,, F.», can be calculated and por- 
osity estimated from the appropriate F',,-porosity rela- 
tion. 

- In the event R,, is known but samples are not avail- 
able for estimating b, Fig. 13 can be used to estimate b 
from the electrochemical component of the SP. Eq. 9 
can then be used to calculate a value of Fo, from which 
an approximation of porosity may be obtained. In addi- 
tion, when R,, is known and both R, and R;, are avail- 
able from appropriate logs, both F.,, and b can be cal- 
culated from Eq. 9. 

Since the relations and application techniques out- 
lined are valid only for 100 per cent water saturated 
formations, the necessary parameters for solution of Eq. 
9 and for use in the interpretation charts cannot be ob- 
tained directly from electrical logs of oil-bearing forma- 
tions. However, when the formation factor at any salin- 
ity, the average b value, and the connate water salinity 
can be obtained from-samples or other sources, the 
equation permits accurate determination of resistivity 
of shaly formations when 100 per cent saturated with 
water. As this is the basis for determining the presence 
of hydrocarbons by the electrical log, it represents a fun- 
damental advance in log interpretation. 

Experimental study of the effect of clay and saturat- 
ing solution resistivity on the resistivity ratio-connate 
water saturation relation, together with experimental 
data regarding the effect of oil saturation on the electro- 
chemical component of the SP are required before full 
benefit can be derived from the established relations. 
It is of interest, however, to recall that b appears to be 
directly related to cation exchange capacity per unit 
pore volume. Since both conductivity and potential 
phenomena occur in the water phase, it is implicit that 
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a decrease in volume of pore space filled with water 
should, in effect, increase the applicable b value by an 
amount relatedto the decrease in water saturation. Thus, 
the SP would be decreased opposite oil-bearing forma- 
tions by an amount related to the “effective clay con- 
tent” and the connate water saturation. When consider- 
ing the effect of oil on the resistivity relation, it is appar- 
ent that two factors are involved. The pore geometry 
factor, represented as F.,, for 100 per cent water-bearing 
formations, can be expected to increase as oil saturation 
increases since water-filled pore geometry will become 
increasingly complicated. On the other hand, the reduc- 
tion in resistivity due to “effective clay content” can 
also be expected to increase with increasing oil satura- 
tion. 


CONCLUSIONS 


Experimental relations for solving the basic problem 
of fresh water bearing argillaceous rocks have been 
presented. These relations are believed to be of general 
applicability bcause of the large number of samples, 
wide variety of sedimentary rock used for samples, and 
the wide range of solution salinities used in the experi- 
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mental program. The relations are confined to water- 
saturated formations, thus limiting their application in 
quantitative log interpretation. In spite of this limitation 
they represent an experimental basis for determining the 
resistivity of shaly sands from the resistivity of forma- 
tion water and measurable characteristics of the forma- 
tion. Further, it has been shown that the effect of clay 
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mineral on the electrochemical properties of reservoir 
rocks is definitely related to the cation exchange capac- 
ity per unit pore volume. Therefore, the measurement of 
this parameter is an independent chemical method of 
determining quantitatively the “effective clay content.” 

It is implicit in the relations that the effect of clay on 
electrochemical properties of reservoir rocks increases as 
the ratio of clay to water content increases. It is prob- 
able, therefore, that hydrocarbon saturation increases 
the effect of clay on both resistivity and SP. The inves- 
tigation thus constitutes the basis for further research 
concerning shaly sands. 
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ABSTRACT 


- A large-scale water-injection program for the Holt 
Bryant reservoir of the Delhi field has been established 
by means of the new automatic multi-pool analyzer. 
The objectives of this program were to increase reser- 
voir pressure and eliminate a cross-dip gradient of 
200 psi. Pressure increases during the first 15 months 
of operation have allowed for increased oil production 
rates of 2,600 B/D or 25 per cent. . 

To determine the required water injection it was 
necessary to predict natural water influx rates. Elimina- 
tion of the pressure gradients required the water-in- 
jection program to account for the fluid migration and 
pressure interaction between segments of the reservoir. 


An integral part of the analysis included the determina- 


tion of in-place volumes of oil and gas. 

The operation of the automatic multi-pool analyzer 
in determining the water-injection program is described. 
New features of the analyzer include an automatic ma- 
terial balance analog and a least-squares computer for 
determination of unknown reservoir properties. Opera- 
tional procedures are sufficiently simple to allow direct 
use by reservoir engineers on a routine basis. The rapid- 
ity and accuracy with which problems may be solved 
permit repeated analyses as a check upon reservoir per- 
formance. 


INTRODUCTION 


This paper describes the use of a new analog com- 
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puter in determining the optimum injection program for 
a complex reservoir. 

The Holt-Bryant (Fig. 1) is the major reservoir in 
the Delhi field of Louisiana. Production is from the 
Tuscaloosa at subsea depths of 2,970 to 3,286 ft. The 
sand dips to the south and southwest from three to five 
degrees. The reservoir is approximately 12 miles long 
and varies in width from 1% to 2 miles. Various calcu- 
lations have placed the initial volume of oil in-place in 
the wide range of 275 to 355 million STB. Two small 
gas caps were initially present in the reservoir. 

The Holt-Bryant reservoir was discovered in Dec., 
1944, and was fully developed with 188 producing wells 
by 1948. After development was completed, an east- 
west pressure gradient began to establish itself. This 
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cross-dip gradient rapidly increased until it exceeded 
200 psi just prior to large-scale injection. 


Although it was anticipated during the early history 
that an efficient water drive would develop in the Holt- 
Bryant, engineering calculations made in 1950 indicated 
that such had not occurred. Single-pool electronic 
analyzer studies the same year indicated that future 
water influx rates would be insufficient to support de- 
sirable economic rates of production. Water injection 
was proposed and unitization effected as of Feb. 1, 
1953. The 14 injection wells shown on Fig. 1 were 
drilled and water-treating facilities having a maximum 
capacity of 40,000 B/D were installed. Plans were 
made for large-scale water injection to commence in 
Oct., 1953, and for an analyzer study to determine in- 
jection rates. 


Although electrical analyzers have been successfully 
applied to reservoir problems for over a decade, there 
have been a number of limitations to their use, particu- 
larly in the study of problems involving complex reser- 
voir structure. A brief review of analyzer developments 
will describe how the automatic multi-pool analyzer 
overcomes previous analyzer limitations in its applica- 
tion to the Holt-Bryant reservoir. 

An electrical analogy for representing the behavior of 
an aquifer, associated with an oil reservoir, was first 
utilized by Bruce’ in 1942 to solve water-drive reser- 
voir problems. The use of this method generally re- 
quires pre-calculation of water influx rates using the 
material balance equation. Since these computations re- 
quire future reservoir pressures, which are dependent 
upon the aquifer behavior, it is necessary to employ 
successive trial-and-error solutions. Frequently geologic 
data are inadequate for determining the original volume 
of hydrocarbons and the characteristics of the aquifer. 
Therefore they must be deduced by adjusting the analog 
representation until agreement is obtained between the 
measured reservoir pressures and those indicated by 
the analyzer during the known production history. Since 
this also is a trial-and-error procedure, the time re- 
quired for a reservoir analysis becomes quite tedious 
and time consuming. 

In 1951 an electrical analog for representing a gas 
cap was incorporated in the high-speed electronic reser- 
voir.” In this analyzer it was necessary to employ trial- 
and-error computations to account only for the effects 
of oil expansion in the reservoir. The high speed of op- 
eration expedited the trial-and-error procedures and per- 
mitted rapid determination of aquifer characteristics. 
This analyzer was restricted to those reservoirs in which 
all of the hydrocarbons might be considered as existing 
in a single pool without appreciable pressure gradients. 
Early analyses of the Holt-Bryant reservoir with this 
analyzer demonstrated the limitations imposed by the 
complex reservoir structure and the large cross-dip pres- 
sure gradient. 

Rumble, Spain and Stamm’ described the use of an 
electrical analyzer to account for effects of separate 
reservoirs connected to a common aquifer. Where size- 
able pressure gradients exist in a single reservoir it is 
preferable also to subdivide the reservoir into several 
pools and handle these as separate interconnected res- 
ervoirs. When this is done the trial-and-error procedures 
become very complicated. This emphasizes the need for 
more complete analog representation to facilitate an- 
alyses and to provide more accurate results. 

The automatic multi-pool analyzer (Fig. 2) was de- 


1References given at end of paper. 
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veloped to handle such problems as that presented by 
the Holt-Bryant reservoir. The analyzer permits division 
of the hydrocarbons into three pools. The material bal- 
ance equations are automatically computed for each 
pool and the combined behavior of these pools, together 
with the associated aquifer, is determined directly with- 
out trial-and-error computations. 


OPERATIONAL DESCRIPTION OF ANALYZER 


GENERAL 

Basically, the automatic multi-pool analyzer is an 
analog computer which is capable of representing three 
separate hydrocarbon pools associated with a common 
aquifer. Each pool may contain both oil and gas phases. 
The analyzer can simulate any combination of water- 
drive, solution gas drive or gas cap drive. It is particu- 
larly useful where appreciable water drive is present 
since direct mathematical solutions in such cases are 
laborious and usually over-simplified. 

Fig. 3 illustrates a typical complex “multi-pool” res- 
ervoir which the new analyzer is capable of handling. 
The analyzer represents each hydrocarbon pool sep- 
arately and predicts the behavior of the integrated sys- 
tem. The procedure of dividing the aquifer into a num- 
ber of zones which are bounded by isobars is employed 
as in previous analyzers. 

For purposes of analysis, a reservoir system may 
be divided into four parts: the aquifer, the hydrocarbon 
pools, the interpool water zone and the production from 
wells. The major elements of the analyzer are divided 
similarly, as indicated in Fig. 4. The production unit 
generates the production program, consisting of the oil, 
gas, and water production rates for each pool as meas- 
ured at the surface. These are applied to the respective 
automatic material balance units which compute con- 
tinuously the material balance equations and cause the 
proper rate of influx into each hydrocarbon pool. These 
influx rates are withdrawn from the interpool network 
which provides connections to the aquifer and between 
pools. The resultant water influx rate is withdrawn from 
the water-drive unit which represents the behavior of 
the aquifer. 


PRODUCTION. UNIT 


Nine channels are required to provide separate oil, 
water, and gas production rate programs for the three 
pools. Injection is handled by merely subtracting the in- 
jection rates from the appropriate channel at the de- 
sired periods of production history. It was found ex- 
pedient to represent each channel by a series of 40 
steps having continuously adjustable amplitudes and 
durations, The amplitude of these steps represent pro- 
duction rates and the durations correspond to the periods 
during which these rates are maintained. The operator 


Fic. 2 — Automatic Mutti-PooL ANALYZER. 
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can simulate any desired program of past and future 
production by adjusting the amplitudes and durations of 
the various steps. 


AUTOMATIC MATERIAL BALANCE UNITS 


The “heart” of the new analyzer, and one of the 
major improvements is the automatic material balance 
units which simulates the behavior of a hydrocarbon 
pool. The functional operation of this unit is indicated 
in Fig. 5, where the symbols used in the material (or 
volumetric) balance equations are those of Schilthuis.* 


‘The production program (past and future) is applied 
to the material balance unit in the form of oil,-water, 
and gas production rates. These rates are transformed 
by the integrating units to cumulative volumes remain- 
ing in the reservoir as measured at surface conditions. 
Controls are provided for setting the values of initial 
oil and gas in-place. The oil remaining at reservoir con- 
ditions is obtained by applying the two-phase formation 
volume factor, u. Similarly, the v factor converts the 
remaining gas to barrels at reservoir conditions. ~ 

The uw and v factors are obtained from PVT data. 
These factors are plotted as a function of pressure and 
are introduced into the u and v generators by means of 
a curve-tracing device. Thereafter, these generators op- 
erate in such a way that the u and v outputs at all 
times have the proper values corresponding to the in- 
stantaneous pool pressures as determined by the ana- 
lyzer. 

The material balance equation’ may be expressed in 
the form: 


mnu, 


u(n—An) + v == = (A= 


The equation states that the remaining hydrocar- 
bons plus the remaining water must at all times fill the 
volume, V, originally occupied by hydrocarbons. Con- 
sequently, if the cumulative water production, z, is sub- 
tracted from the remaining hydrocarbons, the result 
must be V — Z (the original volume minus the cumu- 
lative water influx). The output from the adding unit is 
therefore V — Z which is differentiated by the differen- 
tiator-influx unit. The further action of this unit is to 


aZ, 
cause the rate of water influx, ae to be withdrawn from 
the interpool network. These calculations are performed 
continuously and instantaneously throughout the entire 


period of past and future production. 
The combined effects of the influx rates for each of 
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the three pools and the resultant behavior of the inter- 
pool network and water drive unit constitute a solu- 
tion of the reservoir problem. The average pool pres- 
sures which result are applied to the u and v genera- 
tors as required for their operation. 


In effect, the analyzer is solving simultaneously the 
material balance equation for each pool, together with 
the equations”® representing the unsteady-state behavior 
of the aquifer. It is the wu and v generators which make 
possible the analog representation of the hydrocarbon 
pools, thereby eliminating any need for successive trial- 
and-error solutions of material balance equations and 
corresponding aquifer performance. 


INTERPOOL NETWORK 


The interpool network contains a number of con- 
tinuously variable units which represent water com- 
pressibility and resistance to fluid flow. With these the 
connection between the hydrocarbon pools and the aqui- 
fer, as well as the connection between pools, can be rep- 
resented. As the material balance units withdraw water 
from the inter-pool network, pressure drops are es- 
tablished which determine the instantaneous rates of 
water efflux from the water drive unit. The resultant 
pressures at the junctions of the interpool network with 
the material balance units represent the average pres- 
sure declines for the respective pools. 


WATER DRIVE UNIT 


The basic water drive network is similar, in principle, 
to that employed by Bruce.’ The zones, into which the 
aquifer is divided, are represented by continuously 
variable water compressibility and fluid-flow resistance 
units. Ten such sections have been found sufficient to 
represent adequately the geometric and fluid-rock prop- 
erties of most aquifers. 


As water is withdrawn from the water-drive unit a 
pressure decline results and is propagated through the 
network in a fashion similar to the pressure distribu- 
tion from one zone to the next in the aquifer. 


SPEED OF OPERATION 


The analyzer operates at a speed such that the en- 
tire history (past and future) of reservoir performance 
is computed in one-hundredth second. This perform- 
ance is repeated cyclically at a rate of 50 times per 
second, thus permitting the continuous presentation of 
the behavior of any element of the reservoir in “picture” 
form on an oscilloscope. By this means the operator 


-ean see, for example, the entire pressure decline curve 


of each pool and observe the effects of different produc- 
tion programs or changes in reservoir properties. 
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Special meter units’ are provided for precise measure- 
ment of reservoir properties and performance. 


LEAST-SQUARES COMPUTER 


There are two approaches which may be used in 
applying data to the analyzer. One method requires the 
production data, PVT data, initial oil and gas in-place, 
complete data on the geometry of the system, water 
compressibility, fluid viscosities, fluid saturation and 
distribution of porosity and permeability throughout 
the system. In short, everything about the reservoir 
must be known. A great deal of calculation would be 
necessary, however, to convert these data for use in the 
analyzer. For example, it would be necessary to use 
a potentiometric analyzer, properly scaled and with 
proper permeability distribution, to determine a set of 
isobars which divide the aquifer into 10 zones for anal- 
yzer application. The porosity distribution and water 
compressibility would then have to be applied to the 
planimetered zones to obtain the proper compressibility 
values. Although this approach is possible, it is not used 
here because of the larger amount of preliminary calcu- 
lations and, more important, because the data are 
usually inadequate for such purposes. 


The second method required a minimum of data and 
preparatory calculation. In fact, the only information 
required consists of the known production history, the 
average pressure decline data for each pool and PVT 
data for the oil and gas in each pool. If these data are 
used in the analyzer then the unknown data, such as 
geometry, porosity, permeability, in-place oil and gas, 
etc., may be incorporated effectively by adjusting the 
controls representing these unknowns until the analyzer 
shows a pressure performance which agrees with actual 
field-measured pressures. In other words, since the pres- 
sure history of the reservoir must reflect the character- 
istics of the entire system, the unknown properties may 
be deducted from the known performance by appropri- 
ate analyzer manipulation. However, when oil and gas 
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in-place volumes in all three pools are subject to doubt, 
practical considerations usually require assuming the 
various volumes to be proportional in order to reduce 
the number of possibilities to be investigated. 

It is in the adjustments to determine unknown reser- 
voir properties that the advantages of the high-speed 
analyzer operation and the analog method become ap- 
parent. By making the analyzer speed so fast that the 
effects of any adjustment appear to the operator as being 
virtually instantaneous, then the adjustments can be 
made continuously. The oscilloscope is quite useful in 
this process since the operator can see the entire pres- 
sure history presented. The effects of any adjustment 
are immediately observable and the operator can accom- 
plish in minutes that which might otherwise take days. 

To facilitate the adjustment procedure, an automatic 
least-squares computer was devised. This unit generates 
the average of the measured pressures in each pool for 
each pressure survey and calculates continuously the 
sum of the squares of the differences between the mea- 
sured pressures and analyzer pressures during the known 
history. The result is indicated on ameter. The process 
of adjusting the controls which represent the unknown 
parameters is now reduced from a trial-and-error pro- 
cedure to a more direct method of turning each control 
in such a direction as to decrease the value indicated by 
the least-squares meter. The “best fit” is obtained when 
the meter reading is minimized. The adjustments re- 
quired for this condition represent the best estimates of 
reservoir characteristics. 

The least-squares computer not only reduces the time 
required for analysis, but it also reduces variations in 
results obtained by different operators and eliminates 
largely the need for experience in the adjustment proce- 
dure. 


ACCURACY 


There are three major factors involved in the accu- 
racy of results obtained with the analyzer: These are: 
instrumental precision, accuracy of representation of the 
reservoir, and adequacy of data. The over-all instrumen- 
tal precision is of the order of 0.1 per cent. 

The accuracy with which a given reservoir system can 
be represented is dependent upon the complexity of the 
system. The first high-speed analyzer, being a single-pool 
instrument, was found to be inadequate for some com- 
plex reservoir problems. On the other hand, if numerous 
pool units were provided, the increased maintenance 
might offset the gain afforded by more complete repre- 
sentation. The new analyzer, with three material balance 
units, represents a compromise of these factors. 

The methods of analysis described here utilizes only 
those data which normally have a fair degree of accu- 
racy. The remainder of the reservoir data are considered 
as unknown quantities to be determined by the least- 
squares process. The accuracy with which these un- 
known properties are determined is directly dependent 
upon the degree to which they affect the pressure be- 
havior of the system. This is entirely consistent with the 
objectives of the analysis since the variables which 
greatly affect reservoir performance will be determined 
more precisely than those which do not. If, for example, 
an analysis is made of a reservoir having a very limited 
water drive and small gas cap, then the behavior of the 
system will be greatly affected by the value used for in- 
place oil. In this case the value of in-place oil as deter- 
mined by the analyzer should be quite reliable. 

The least-squares unit is useful, not only in allowing 
rapid adjustment of the analyzer to account for un- 
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known reservoir properties, but also in providing an 
estimate of the precisions of predictions. This is indi- 
cated by the value obtained as a minimum on the least- 
Squares meter. 


The precision of predictions will depend not only on 
the accuracy of data but also on the amount of available 
pressure production history. For this reason all reser- 
voirs should be subjected to periodic re-analyses as more 
pressure-production data is accumulated. 


The amount of history which is required before a re- 
liable prediction of performance can be made is depend- 
ent largely on the aquifer characteristics. If sufficient 
time has not elapsed for the boundaries of the aquifer to 
affect the reservoir pressure, then there is insufficient 
information to define the extent of the aquifer. Fortu- 
nately, the analyzer is capable of revealing this situa- 
tion to the operator. For this purpose the operator 
should vary the elements which represent the outer 
zones of the aquifer. If there is little effect on the pres- 
sure decline curve during the known history, the pro- 
duction history is insufficient. 

Although the predictions will be dependent primarily 
upon the accuracy of the pressure-production data, the 
places where these data might be grossly in error are 
generally indicated by the analyzer during the process 
of adjusting for the least-squares fit between analyzer 
and measured pressures. Quite frequently, investigations 
of the procurement or transcription of these data have 
revealed the source of such errors. In some cases, un- 
suspected leakages of fluid from or into a reservoir have 
been revealed by this means and, upon further investiga- 
tion, have been found consistent with additional corrobo- 
rating evidence. Here again, an active program of pe- 
riodic reservoir analyses insures the maintenance of 
consistent reservoir data. 


ANALYSIS OF THE HOLT-BRYANT RESERVOIR 


DIvIsION AND DATA ENTRY 

In applying the automatic multi-pool analyzer to the 
Holt-Bryant, the reservoir was divided into three pools, 
as shown in Fig. 1. Large-scale injection commenced on 
Oct. 1, 1953. At this time the areally-weighted average 
pressure in Pool 1 exceeded that in Pool 3 by 120 psi. 
This gradient and resulting fluid migration westward 
necessitated the division of the reservoir as a multi-pool 
problem. This division provides a better approximation 
to actual conditions than is possible with a single-pool 
analyzer. Thus, the pressure gradient and its effects on 
the expansion of hydrocarbons in the respective pools 
can be represented. In addition, the area labeled “No 
Sand” in Fig. 1 results in substantially different degrees 
of connection between the various pools and the aquifer. 
This represents a partial basis for the particular choice 
of division of the reservoir into three pools. 

Production and pressure data had been compiled 
previously on the basis of division of the reservoir into 
four pools or “systems.” To simplify data handling, the 
division of the reservoir into three pools was done so 
that Pools 2 and 3 each corresponded to one of the four 
systems and Pool 1 included the remaining two systems. 

The oil, water and gas production rates, together 
with average measured pressures, were entered into the 
analyzer for each pool. The u and v curves for the oil 
and gas were obtained from PVT data and entered into 
the u and v generators. These were the primary data 
required for the analysis. 
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DETERMINATION OF RESERVOIR PROPERTIES 
AND RESERVES 


Estimates of initial in-place oil and gas volumes were 
entered into the material balance units for each pool. 
The characteristics of the aquifer and its connections to 
each pool were obtained then by adjusting the water- 
drive unit and inter-pool network until a least-squares 
fit between analyzer and measured pressure declines 
was obtained. This was done by merely turning each 
control knob (representing unknown characteristics) in 
such a direction as to minimize the reading of the least- 
squares meter. 


Since the reserves were subject to doubt, the above 
procedure was repeated for a series of assumed values 
of reserves. To simplify this procedure it was assumed 
that the oil volumes in the three pools were proportional 
to the acre-foot of oil sand calculated for the individual 
pools. In addition, it was assumed that the initial ratio 
of gas to oil was constant for the two pools having an 
associated gas cap. 


The oil reserves for the three pools were varied pro- 
portionally so that their sum varied from 275 to 370 
million STB. The least-squares computer was used to 
determine the least-squares fit at intervals over that 
range. A plot of the total squared deviations between 
analyzer and measured pressures for all three pools is 
shown in Fig: 6. The minimum of the squared deviations 
occurred at 330 million bbl. An estimate of the standard 
deviation is shown by the dashed line and indicates an 
original oil reserve within 7 million bbl of 330 million. 


Without the least-squares computer the procedure 
would have been very tedious and time consuming. With 
this unit, a least-squares fit can be obtained in approxi- 
mately 20 minutes. The entire determination for the 
Holt-Bryant reservoir required but one day of analyzer 
time. 

The procedure described resulted in inter-pool con- 
nections which indicated the aquifer to be directly asso- 
ciated with Pool 1. Pool 2 was found to separate Pools 
1 and 3, and the resistance to flow between Pools 2 and 
3 twice that between Pools 1 and 2. The reason for the 
higher resistance is believed to be due primarily to a 
change in the cross-section area of connection. AI- 
though the areas are similar in the reservoir proper, an 
examination of the associated water zones, shown on 
Fig. 1, reveals a distinct narrowing at the boundary 
between Pools 2 and 3. 

Electrical resistance may be converted into equivalent 
mobilities if cross-sectional area and length of the zones 


RESERVE DETERMINATION 


2 
Psi 


2000- 


= SQUARED DEVIATIONS 


275 300 


35 350 375 
RESERVES MMSTB 


Fic. 6 — RESERVOIR DETERMINATION. 


77 


are known. Using the analyzer inter-pool resistance and 
known geometrical distances, a mobility (K/u) of 3.0 
(darcies/cp) was calculated for fluid movement between 
Pools 1 and 2 and a mobility of 2.8 between Pools 2 
and 3. 


As the connections are present in both the oil and 
water zones, it is necessary to distinguish the flow in the 
oil zone from that in the water. Assuming two-thirds of 
the fluid migration to be in the water zone and using 
laboratory viscosity data, the effective permeability to 
water calculates to be 1,200 md between Pools 1 and 2, 
and 1,100 md between Pools 2 and 3. Effective perme- 
ability to oil calculated to be 800 md between Pools 1 
and 2, and 760 md between Pools 2 and 3. Core data 
permeabilities to air range from 0 to 9,500 md and 
average 1,380 md. 

The effective permeabilities determined by use of the 
analyzer are of course the average values existing over 
the entire history matched by the least-square device. 
As the effective permeability of oil varies with gas 
saturation it will be noted that the determined values 
will not be valid for changes in gas saturation occurring 
when the pressure drops substantially below the average 
which existed during the known history. 

Possibly more useful units are those expressing the 
pressure differential required for a flow of 1 reservoir 
bbl of fluid per day. Between Pools 2 and 3, this cal- 
culates to be .02 psi/reservoir B/D. Flow between Pools 
1 and 2 requires but .01 psi/reservoir B/D. 

Conversion of the water-drive unit to reservoir terms 
indicates an aquifer containing almost 70 billion bbl of 
water. For a sand 100 ft thick, with a porosity of 30 
per cent, the areal extent would be something over 450 
sq miles. In view of the numerous reservoirs in the 
Delhi area, it is likely that a portion of the associated 
energy is contained within one or more hydrocarbon 
zones connected to the same aquifer. Such association 
with the more compressible hydrocarbon zones would 
reduce the estimated areal extent. On the other hand, 
the aquifer consists of the massive Basal Tuscaloosa 
sand which could easily contain the calculated volume 
of water. 

The most significant difference between this and pre- 
vious analyzer studies of the Holt-Bryant was in the 
larger associated aquifer indicated by the multi-pool 
analyzer. The reason for this difference is apparent from 
an investigation of the operational mechanics of the two 
analyzers. In the single-pool analyzer, the reservoir pres- 
sure is simulated at the junction of the reservoir proper 
and the aquifer. The correct water influx was furnished 
by dropping the average reservoir pressure to 1,293 psi 
as of Oct. 1, 1953. Therefore, at the junction point 
a total pressure drop of 222 psi from the original anal- 
yzer pressure of 1,515 psi was produced. In the three- 
pool unit, in which the aquifer was connected more 
directly to Pool 1 than to Pools 2 and 3, the pressure at 
the junction of the water-drive unit and inter-pool net- 
work was approximately 1,350 psi as of Oct. 1, 1953, or 
a decline of only 165 psi from original. To set up a 
water drive furnishing substantially the same influx 
history but with a 35 per cent greater pressure decline 
necessitates under-estimating the capacity of the aquifer. 
This result illustrates the need for the multi-pool anal- 
yzer for this problem. 


DETERMINATION OF OPTIMUM INJECTION PROGRAM 


In the determination of the optimum injection pro- 
gram, criteria were established as follows: (1) quickset 
elimination of the east-west pressure gradient; (2) larg- 
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est increase in average reservoir pressure; and (3) most 
uniform updip water encroachment. 

In order to provide a practical operating program, 
limits were imposed upon the range of operating plans 
studied as follows: (1) the current 40,000 B/D capac- 
ity of the injection system was not to be exceeded during 
the pressure equalization period; (2) individual injec- 
tion well rates would be increased slowly enough to 
provide opportunity to cope with difficulties attendant 
with expanding the system to the designed capacity; and 
(3) injection would be confined to the 14 injection wells 
already drilled, insofar as possible. 

In addition, oil production was to be increased toward 
a maximum of 20,000 B/D. It was estimated that pro- 
duction increases for the respective pools could be 
obtained as indicated on Fig. 7. 

Having adjusted the analyzer to agree best with 
known reservoir performance up to the date large-scale 
injection was to commence, the analyzer was then ready 
to predict performance under future operating sched- 
ules. The desired future production rates were broken 
down into pool rates by the field reservoir engineer and 
entered into the analyzer. Injection rates into the va- 
rious pools were then manipulated within the limits 
stated above until the pressure gradient was eliminated 
in the shortest time. Fig. 8 shows that the gradients 
could be eliminated at an average reservoir pressure of 
1,350 psi as of Jan. 1, 1959, without exceeding the 
limits imposed upon the program. To eliminate the 
gradient at 1,350 psi requires pressure increases of 117 
psi in Pool 3, and 55 psi in Pool 2. Pool i was allowed 
to drop 1 psi during the period. 

Net injection rates required to accomplish this per- 
formance are shown in Fig. 8. Although Fig. 7 shows 
the hydrocarbon voidages from the three pools to be 
nearly equal the net water injection required by Pools 
2 and 3 averaged about 7,000 B/D more than required 
into Pool 1. These differences indicate the necessity for 
considering the interaction and fluid migration between 
the various segments of the reservoir. 

The effect of the program upon the rate of natural 
influx has been substantial. The analyzer indicated that 
water influx reached a peak rate of 15,000 B/D during 
the third quarter of 1953. After commencing large- 
scale injection in Oct., 1953, natural influx decreased 
rapidly as predicted. By the end of 1953, it had dropped 
below 12,000 B/D. During 1954, it decreased below 
9,000 B/D. The rate of decline in natural influx rates 
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has continued to diminish and the analyzer predicted 
that an influx of over 5,000 B/D will exist under the 
proposed program during 1958. 

The rapid decline in natural water influx rate results 
from the fact that the pressure in Pool 1 is maintained 
relatively constant by the water-injection program. 
Under these conditions the previously established pres- 
sure gradients in the aquifer will tend to equalize and 
result in a reduced water influx rate. In this problem, 
the use of empirical equations relating water influx rate, 
time and pressure drop are not applicable because of the 
complex reservoir structure and the injection program. 
The analyzer, however, provides direct means of deter- 
mining water influx rates. Oscilloscope presentation of 
the pressure declines throughout the aquifer_is useful 
for studying the pressure gradients and their relationship 
to the rates of water influx. This provides the engineer 
with a convenient means for visualizing the unsteady- 
state behavior of the aquifer and its effects on reservoir 
performance. 


PERFORMANCE 

After determining the net water-injection rates neces- 
sary to realize the desired performance, a potentiomet- 
ric study of the reservoir was made. The potentiometric 
work indicated the necessity for two additional injec- 
tion wells as shown on Fig. 1. Minor adjustments to the 
net injection rates were required to obtain a more uni- 
form updip movement of water. 

During the 21 months in which the program has been 
in operation, the general reservoir performance has 
closely duplicated that predicted. Minor variations have 
occurred at times of large changes in production or 
injection rates. This, in part, is believed to be a result 
of simulating injection directly into the various pools 
rather than into their associated water zones. This 
causes an incorrect representation of the transient ef- 
fects produced by sudden changes of injection rates. 
After 15 months of operation, the program was suf- 
ficiently successful that oil production was increased by 
2,600 B/D, or 25 per cent. 


SUMMARY 


The use of the analyzer in establishing an effective 
water-injection program has been described. The auto- 
matic representation of oil and gas behavior also provides 
direct means of determining gas-injection programs. 
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Such programs can be scheduled merely by adjusting 
net gas production to obtain desired pressure or gas cap 
behavior. In addition to the determination of inter- 
action between hydrocarbon pools, the analyzer has been 
useful in revealing connections between reservoirs which 
are widely separated by distance or faulting. A similar 
application has been the finding of underground leakages 
within gas reservoirs, both by reason of wellbore leaks 
and fault leakages. 

Perhaps the greatest advantage of the analyzer has 
been realized by relieving the engineer from tedious 
numerical computations. This leaves him free to concen- 
trate on the reservoir problem itself. The use of reservoir 
terms and visual presentation of reservoir performance 
enhance his conception of the physical principles in- 
volved. The analyzer was built on the premise that the 
effective solution of any reservoir problem must involve 
direct supervision by the engineer who is thoroughly 
familiar with the reservoir under study. As such, the 
analyzer is a tool for direct use by the practical petro- 
leum engineer. 
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An ENGINEERING APPRAISAL of SMALL DIAMETER 
HOLE DRILLING in SOFT ROCK OPERATIONS 


An examination is made of the 
various factors influencing drilling 
rate and drill bit life in various 
diameter holes. It is concluded that 
drill bits in the size range 434 to 
64% in. can be used to attain sub- 
stantially the same daily drilling 
progress as conventional size bits in 
soft rock drilling operations. 


An examination of the most im- 
portant factors influencing “hazard 
of losing the hole’ in the different 
hole size results in the conclusion 
that the smaller hole sizes can prob- 
ably be drilled at reasonably low risk. 
However, this risk will be somewhat 
greater in the smaller diameter holes, 
requiring that special drilling and 
mud engineering practices be used 
to make small diameter holes prac- 
ticable in soft rock drilling opera- 
tions. 


An engineering analysis is made 
of the power and hydraulic require- 
ments of several drill string-hole 
combinations to test the feasibility 
of drilling small diameter holes in 


Original manuscript received in Petroleum 
Branch office on July 8, 1955. Revised manu- 
seript received Jan. 8, 1956. Paper presented 
at Petroleum Branch Fall Meeting in New 
Orleans, Oct. 2-5, 1955. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
cussion offered after Dec. 31, 1956, should be 
in the form of a new paper. 


80 


J. H. FAULK 


MEMBER AIME DALLAS, TEX. 


TP. 4730 


soft rock areas. Large economies in 
rig power requirements appear pos- 
sible by drilling smaller size holes 
in these operations. 


LN PRO DU 


The industry now is re-examining 
the utility of small diameter holes in 
the light of substantial technical ad- 
vances made in recent years. Faced 
with increasing cost of finding re- 
serves and with proration after de- 
veloping them, the industry must 
either develop methods of economiz- 
ing or receive a lower rate of return 
on investments. Small diameter holes 
appear to involve an attractive meth- 
od of economizing. Our objective is 
to determine if this is technically 
possible in soft rock operations. 
Soft rock, as used in this report, re- 
fers to those formations of a “drill- 
ability” corresponding to that of all 
Gulf Coast formations shallower 
than and frequently including much 
of the Eocene rock system. 


An important phase of technology 
which we shall examine is relative 
drilling rate and bit footage which 
may be obtained with various size 
bits. Rig operating efficiency, par- 
ticularly as influenced by hazard, is 
also discussed in detail. The techni- 
cal conclusions resulting from these 
examinations are used to develop 
sample drill string design and rig 
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horsepower requirements for drill- 
ing holes as smaH as 4% in. and 
larger. The principal criterion used 
for the drill string design is that 
approximately the same daily drill- 
ing progress would be possible in all 
size holes in soft rock operations. 
This facilitates a comparison of rig 
size required for drilling the hole 
sizes in the range between 434 and 
834 in. 


BROAD PROBLEM OF 
DRILLING RATE AND 
BIT FOOTAGE 


The three factors controlling daily 
drilling progress are: (1) drilling 
rate of bit while on bottom turning, 
(2) bit footage, and (3) rig operat- 
ing efficiency. Let us look now at 
the first two of these factors. Drilling 
technology has progressed to the 
point that a semi-quantitative analysis 
of the effect of various operating 
variables upon these factors can be 
made. 

Those factors which apparently 
limit both drilling rate and bit foot- 
age for bits now in use are: (1) 
bit design, (2) weight on bit, (3) 
hydraulic cleaning capacity for bit 
cutting surfaces and hole bottom, 
and (4) rotary speed. (We neglect 
the effect of mud and formation 
properties because these factors are 
the same for the various size bits, 
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i.e., We assume that the same mud is 
used and the same formation is 
drilled.) In hard rock drilling oper- 
ations factors 1 and 2 have been es- 
tablished as the most critical with 
weight on bit most frequently con- 
trolling. In most soft rock drilling 
operations hydraulic cleaning capac- 
ity (including factors such as bit 
design which influence this variable) 
has been established as the limiting 
factor. Of course, the other factors 
are important and should be ex- 
ploited at highest possible efficiency, 
taking into account certain opera- 
tional factors which limit their varia- 
tion. 
_ An important relationship which 
we shall make use of to examine 
drilling rate for drag and rock bits 
is that drilling rate varies directly 
with the weight applied per inch 
of bit diameter. This relationship is 
valid when other variables are equal 
and until one or more of the above 
mentioned factors begin to limit drill- 
ing rate, The relationship can be 
defended theoretically and has been 
observed experimentally.”” 


Bir DESIGN 

As pointed out, bit design is one 
of those factors which may limit 
both drilling rate and bit footage. 
For the case of drag bits and dia- 
mond bits, only minor variations in 
bit design occur between the various 
size bits. These variations inciden- 
tally allow improvements to be made 
in favor of the smaller diameter bit 
models. (For example, the wear on 
the outside element of a drag bit 
controls its useful life and the rate 
of wear on this element is directly 
proportional to the diameter of the 
bit.) In those areas where these bits 
in the larger sizes compete with rock 
bits, it appears likely that they should 
do somewhat better in the smaller 
sizes. However, rock bits are now 
used to drill most of the hole made 
and we must continue to substan- 
tially rely on them in any small hole 
drilling program. 

Rock bit life is controlled either 
by bearing life or tooth life of the 
bit. Manufacturers attempt to design 
these bits so that the life of bit teeth 
and bearings are about the same. 
First, let us look at the problem of 
bearing life in various size tricone 
bits of a particular type. In hard 
rock drilling, field experience’ indi- 
cates that 834-in. bits can be loaded 
with approximately 70,000 Ib (8,000 
Ib/in. of bit diameter) in order to 
get optimum drilling rates along with 
acceptable bearing life. The bearing 
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stress resulting from these conditions 
(about 7,000 psi of projected bear- 
ing area’) should be a reasonable as- 
sumption as the bearing stress limit 
for other size tricone rock bits. Using 
this assumption together with bear- 
ing. area data published for one 
manufacturer’s medium-formation 
tricone rock bits,* we may develop 
the load limitation that this constant 
bearing stress imposes on various 
size bits. This is done in Fig. 1 
where the maximum unit weight al- 
lowed on bits between 434 and 9% 
in. diameter by this criterion is 
shown. This unit weight (Ib load/in. 
of bit diameter), it will be recalled, 
is synonymous with relative drilling 
rate when other factors are not lim- 
iting. 


It may be noted that in hard rock 


drilling, where high unit weights are 
now employed, the drilling rate with 
an 8%-in. bit will be about two 
times that with a 5%4-in. bit under 
these conditions. However, note the 


range of operating conditions usually 


employed in soft rock drilling des- 
ignated by the enclosed area on this 
graph. The bearing stress limitation 
does not limit the unit weight that 
may be run on the smaller size bits. 
It can be assumed that bearing life 
generally varies directly with the 
bearing stress applied, other factors 
being equal. Consequently, we con- 
clude that bearing life with the 
various bit sizes shown here for soft 
rock operations should be favorable 
if practicable and similar operating 
conditions are maintained. 

Another limitation on bit life is 
the life of bit teeth. However, the 
problem of tooth life has not been 
a serious one in most soft rock op- 
erations. It seems that in soft rock 
drilling tooth life may be substan- 


tially controlled by hard facing. It 
appears likely that bearing failure 
will usually place a more serious 
limitation on small size bit life in 
soft rock operations than will tooth 
life. (We have already concluded~ 
that bearing life should be favor- 
able.) 


WEIGHT ON BIT 


The weight of the drill collar 
string that may be used in the hole 
apparently places a serious limita- 
tion on weight which may be used 
on small size bits. Comparisons may 
be made between various size drill 
collar strings in many respects on 
the basis of the number of buckles 
in the drill collar string.’ (This is 
a good qualitative yardstick.) Sev- 
eral factors limiting the number of 
buckles allowable are: increase in 
hole deviation,*“ increased hole en- 
largement, increased fatigue type drill 
collar joint failures, inefficient trans- 
mittal of weight to bit, increased fre- 
quency of “fishing jobs” and conse- 
quently increased investment and op- 
erating costs. Current practice in 
many hard rock operations involves 
employing full hole drill collar 
strings with about four buckles.*° 
However, only one to two buckles of 


-the drill collar string are normally 


used in soft rock operations. Now 
let us assume that the number of 
buckles is limited to 44% (calculated) 
for full hole drill collar strings in 
hard rock and to 3% (calculated) 
for drill collar strings that may be 
washed over in soft rock operations. 

We may determine the unit weight 
which may be used on various size 
bits with these limitations. These are 
shown in Fig. 1, alongside the re- 
striction of constant bearing stresses 
in rock bits. These data suggest that 
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Fic. 1— Maximum UNIT WEIGHT ALLOWED ON BITS BY VARIOUS CRITERIA. 


a consideration of drill collar mec- 
hanics places a much more severe 
limitation on unit weight that may 
be employed on small size bits than 
does bearing stresses. However, in 
soft rock operations we can usually 
put as much unit weight on the small 
size bits as is now used on large 
size ones. The practicality of the lim- 
itation of three drill collar buckles 
for soft rock operations is discussed 
later when hazard is considered. 


HYDRAULIC CLEANING CAPACITY 
For Bir CUTTING SURFACES 
AND HOLE BoTTOM 

We have seen in Fig. 1 that typical 
bit loadings used in soft rock are 
substantially less than the loading 
limitations which bearing life or 
drill collar considerations place on 
the conventional size bits. This cir- 
cumstance is well known to all soft 
rock operators. Since the formation 
being drilled is soft, one might sus- 
pect that floundering (teeth buried 
completely and unable to exploit fur- 
ther loading) has limited the pene- 
tration rate. A simple calculation 
comparing volume of tooth steel with 
volume of formation removed per 
bit revolution indicates that this 
could not be the case. (For example 
a 114-in. diameter two-cone rock bit 
with a tooth length of % in. will 
drill about 35 ft/hr at 60 rpm before 
floundering.) The limitation is al- 
most surely “balling” due to inade- 
quate cleaning capacity of the bit’s 
hydraulic system. This is an impor- 
tant conclusion for it suggests that 
if we can obtain hydraulic cleaning 
action with small bits equivalent to 
that in larger bits, small hole drilling 
rates will be the same as large hole 
drilling rates. 

A number of publications 
stress the importance of bit hydrau- 
lics on drill bit performance in soft 
rock. Insufficient data are available, 
however, to allow more than specu- 
lation regarding necessary hydraulics 
with various diameter bits for best 
performance in soft rock operations. 
Two simplified bases which have 
been used to compare hydraulics be- 
tween various size bits are: (1) hy- 
draulic horsepower developed at the 
bit per unit area of the bottom of the 
hole and (2) hydraulic horsepower 
developed per unit volume of the 
hole in which the cleaning must take 
place. 

It is practical, as may be con- 
cluded from an examination of data 
in Table 1, to develop hydraulics for 
small size bits so they will be su- 
stantially superior to larger bits on 
either of these bases. These methods 
of comparison, however, leave out 
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several important variables. A com- 
parison is needed on the basis of a 
bit cleaning coefficient, defined to 
recognize that the problem is to keep 
both the bit teeth and the bottom of 
the hole substantially free of dis- 
lodged formation particles. Those 
factors which apparently would in- 
crease the value of such a coeffi- 
cient (improve bit hydraulics) are: 
(1) increase in quantity of mud cir- 
culated, (2) increase in mud velocity 
through bit nozzles, (3) increase in 
distance between bit teeth, and (4) 
increase in length of bit teeth. Those 
factors which apparently decrease 
the value of such a coefficient (wors- 
en bit hydraulics) are: (1) increase 
in volume of the hole in which the 
cleaning must take place, (2) in- 
crease in distance from bit nozzle 
outlet to surfaces which must be 
cleaned, (3) increase in attenuation 
of mud velocity following exit of 
stream from bit nozzle, and, prob- 
ably, (4) increase in mud turbulent 
flow viscosity. 

A rigorous evaluation of the above 
factors, many of which are inter- 
related, has not been made. It ap- 
pears likely, however, that we shall 
be as well off and possibly better off 
regarding bit hydraulics in small 
holes than in the larger size holes. 
It should be emphasized, therefore, 
that the use of jet bits with relatively 
high hydraulic horsepower is a nec- 
essary criterion to successful exploi- 
tation of small diameter holes, as it 
is with conventional size holes, in 
soft rock operations. 


ROTARY SPEED 

Rotary speed, of course, influences 
both drilling rate and bit life sub- 
stantially. Bit-tooth wear and usually 
bit-bearing wear apparently vary di- 
rectly with rotary speed.’ Drilling 
rate, within certain limits, can be 
made constant by varying either ro- 
tary speed or weight on bit (when 
one is decreased the other is in- 
creased). High rotary speeds have 
most often been exploited where bit- 
bearing life is not a serious problem. 
(This has frequently been the case in 
soft rock where bit hydraulics limit 
penetration rates.) Relatively high 
rotary speeds have also been ex- 
ploited in all types of drilling where 
hole deviation is a serious problem. 
In hard rock drilling operations in- 
creased bit unit weights, which place 
a practical limitation on rotary speed, 
have been more exploitable than 
high rotary speed because bit fail- 
ures and/or wear rates are influ- 
enced substantially less by weight 
on bit than by rotary speed. These 
and other considerations suggest that 


somewhat lower rotary speeds may 
be necessary for best performance 
with smaller size bits than is cur- 
rent practice with conventionally em- 
ployed bits in soft rock operations. 
(It. may be recalled that there will 
be an increased number of buckles 
in drill collar strings with small bits 
than with larger bits in current use 
in order to obtain necessary unit bit 
loads.) The rotary speed restriction 
in smaller diameter holes may have 
an appreciable effect on drilling rate; 
however, it should be possible to off- 
set this in most operations by bit 
weight control. 


OTHER Factors INFLUENCING 
THE PRACTICALITY OF 
Various HOLE SIZES 


A discussion of drill bit perform- 
ance has led us to conclude that sub- 
stantially the same drilling progress 
is possible with 434 to 9%-in. diam- 
eter hole sizes in soft rock opera- 
tions. However, this possibility can 
be exploited if certain other factors 
are equivalent for these hole sizes. 

The various rig components must 
be selected with great care. Also, the 
current availability of satisfactory 
rigs in the field is poor. However, 
this condition should improve in the 
near future. 


The most important of these fac- 
tors are: (1) rig operating efficiency 
—especially as influenced by hazard, 
and (2) hole evaluation must be 
possible. 


RIG OPERATING EFFICIENCY 
AS INFLUENCED BY HAZARD 


The problem of designing below- 
surface equipment and operating con- 
ditions to minimize “hazard” with the 
close tolerances for deep small di- 
ameter holes in soft rock seems to 
be a serious one. Hazard, as used 
here, refers to the probability of oc- 
curence of such undesirable condi- 
tions as stuck pipe, lost holes, fish- 
ing operations, etc., which reduce 
over-all operating efficiency. 

First let us look at the hazard of 
sticking the drill string in various 
size holes. There is enough known 
about this problem to allow some 
useful speculation regarding the ef- 
fect of different variables, the values 
of which will change with hole size. 


The industry has reduced the haz- 
ard of sticking significantly in Gulf 
Coast, soft-rock operations within 
the last several years by: (1) in- 
creasing circulation rates, (2) drill- 
ing holes faster, and (3) improving 
mud properties. Also, the volume of 
washouts in some shales has been 
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Fic. 2—DriLt Pirz-HoLeE ANNULAR 

VELOCITIES UNDER VARIOUS 
CONDITIONS. 


demonstrated to increase linearly 
with time of exposure to the mud 
and is apparently influenced consid- 
erably by the type of mud used. 
These factors suggest that annular 
velocities in all parts of the hole, 
and factors influencing this variable, 
are very important. 

Some factors in addition to dimen- 
sions influencing annular velocities 
are: (1) pump circulation rate, (2) 
properties of shale beds penetrated 
and length of time exposed to the 
mud (washouts), (3) properties of 
the drilling mud (which influence 
washout occurrence) and (4) thick- 
ness of mud filter cake on permeable 
sections of the hole. The direction 
of effect of these variables is obvious 
and an examination of them suggests 
that the smaller holes with reduced 
clearances may lead to increased 
hazard. 

Now let us look at the results of 
some exploratory calculations, shown 
in Fig. 2, to get an idea of this prob- 
lem of annular velocity with various 
diametral clearances. Annular veloci- 
ties are shown vs drill pipe-hole di- 
ametral clearance in gauge holes for 
two drill string-hole combinations 
shown in Table 1 with 10 1b/gal 
mud. Then, for these drill string-hole 
circumstances, we see what happens 
to the annular velocity when hole 
washout or filtercake buildup occurs. 
An increase of 1 in. in hole di- 
ameter (washout) for the case of 
the 434-in. hole gives a reduction of 
42 per cent in annular velocity. The 
same increase in diameter for the 
case of the 834-in. hole gives a re- 
duction of 25 per cent in annular 
velocity. Consequently, while drilling 
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the smaller size holes in soft rock 
where washouts are common place, 
we must begin with a relatively high 
annular velocity or the hazard of 
sticking the pipe from so-called 


“heaving shale” will be substantially 


greater. (This presumes that the 
“heaving shale” problem usually de- 
velops when annular velocities in 
shale ““washouts” fall below a critical 
value. A substantial amount of field 
data suggests that this is the case.) 
The annular velocities used for drill 
strings Number 1, 2, 3, 4, and 5 in 
Table 1 should be satisfactory in 
most cases. 

Hole size reductions due to mud 
filter cake buildup on permeable 
formations will also be more serious 
with small diameter holes, as is sug- 
gested in Fig. 2. This may lead to 


the most serious hazard in drilling 


deep, high temperature, small di- 
ameter holes. Down-hole mud filter 
cake control will be necessary to 
prevent troubles such as: (1) tools 


being stuck due to thick high strength_ 


mud filter cake and (2) “wall-stick- 
ing”. 

“Wall-sticking” has been explained 
on the basis of sections of the drill 
string becoming imbedded in filter 
cake, allowing the differential be- 
tween mud hydrostatic head and 
formation pressure to act over a 
fraction of the outside area of the 
pipe. This compresses the filter cake 
and increases its shear strength. If 
the area involved and the shear 
strength of the cake are large enough, 
the pipe cannot be freed with the 
stress that can be transmitted to it. 
The fractional area involved will in- 
crease with reduced clearances be- 
tween pipe and the mud filter cake. 
This is the case with smaller diam- 
eter holes and thicker mud filter 
cakes. 


Mud technology, largely unpub- 
lished, should go a long way toward 
solving the problems of sticking in 
smaller diameter hole operations. 
Turbulent flow of the mud opposite 
permeable formation gives substan- 
tial help by erosion of mud cake.” 
The use of oil in the mud (stable 
emulsion) probably will help most 
by reducing thickness and shear 
strength of filter cakes and mini- 
mizing hole enlargement in shale.” 
The use of temperature-stable filtrate 
loss control agents and low filtrate 
loss muds will be essential in deep, 
high temperature operations with high 
density muds. It seems probable that 
we can operate at relatively low risk 
of sticking the drill string in the 
smaller size holes considered here by 
fully employing up-to-date mud tech- 


nology. The 6 and 5¥%-in. diameter 
holes look particularly attractive on 
this basis (also see Table 1). 


However, circumstances may lead 
to sticking pipe and we must worry 
about freeing it. The two general- 
methods employed involve: (1) 
“working” (pulling up and pushing 
down) the stuck pipe and (2) “wash- 
ing over” the stuck pipe. We need to 
design drill strings for most opera- 
tions with small size holes which will 
allow “washover”, at least with thin- 
wall pipe. Experience has taught, 
however, that the most important 
method of freeing sticking pipe in- 
volves “working” the pipe. The pull 
on the “fish” imparts a stress to the 
involved area, tending to free it. The 
amount of overpull allowable, the 
outside area of the pipe which is 
stuck and the yield point of the ma- 
terial sticking the pipe should be ex- 
amined. Let us assume that the 
length of the stuck pipe and the 
yield point of material sticking the 
pipe for various hole sizes are con: 
stant. 


Now we may compare the maxi- 
mum unit stress which may be de- 
veloped to free various sticking drill 
strings. This maximum unit stress is 
defined as maximum allowable over- 
pull (1b) divided by the outside area 
of 1 ft of the drill collar string (in’). 
This should be a measure of the 
relative susceptibility-to-be-pulled- 
free of the various strings, since re- 
sistance to being pulled free is also 


proportional to the outside area. 


(We could make this analysis for the 


MAXIMUM UNIT STRESS, LB,/iN.2 


DEPTH -1000° 


Fic. 3—-MaximuM UNIT STRESS 
WuicH May BE DEVELOPED TO FREE 
STICKING DRILL COLLARS. 


Note: Overpull allowable (Ib) in 10 Ib/gal 
mud divided by outside area of 1 ft of drill 
collar string (in.2). (An index of potential 
to free sticking drill collars by pulling 
up.) 
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TABLE 1—-POWER REQUIREMENTS AND OTHER DATA FOR VARIOUS HOLE SIZE SOFT ROCK DRILLING OPERATIONS 


Type of Drill Max. ; 
Drill Pipe Flowin Collar Allowable Drill String Wt 
Driil Hole Drill Mud Circulation Nozzle Annular Drill Pipe Annular Type of Flow Unit Wt. on (Wet) 
String Dia. Drill Collar Density Rate Velocity Velocity Hole Velocity in Drill Collar Bit Lb/in 1000# 
No. Inches Stem Dim. Lb/Gal Gal/Min  Ft/Sec Ft/Min Annulus Ft/Min Hole Annulus of Bit Dia. “* 5400 ft 7900 ft 10,400 ft 
7] 27/g in. D.T. 3Y2 in. x A in. 10 117 225 200 Laminar 278 Turbulent 1250 37 52 67 
1 4% in. “Pott tt x 330 16 105 225 180 Laminar 250 Laminar 1150 33 46 59 
4, 3 27/, in. D.T. 31/2 in. x r% in. 10 151 225 258 Turbulent 359 Turbulent 1250 37 52 67 
A 27/, in. D.T. 37/g in. x a in. 10 132 225 180 Laminar 290 Turbulent 1420 38 53 67 
2 5Mein. “Food /tt x 330 ft 16 119 225 162 Laminar 261 Laminar 1320 34 47 60 
4 3. in. D.T. 41/2 in. x a in. 10 162 225 168 Laminar 253 Laminar 1930 56 78 99 
3 Gin. 40.13¢/ft x 390 16 146 225 151 Laminar 228 Laminar 1800 50 69 88 
3-A bi 32 in. D.T. 41/2 in. x 7 in. 10 210 204 216 Turbulent 326 Turbulent 1930 56 78 99 
10.1¢¢/it x 390 f 
4 77/p i AY, in. D.T. 61% in. x oT in. 10 274 225 161 Laminar 292. Turbulent 1950 77 106 35 
gin. 13.75H/ft x 240 ft 16 246 225 145 Laminar 263 Laminar 1750 69 95 121 
5 B54 i 42 in. D.P. 65 in. x 23% in. 10 316 225 138 Laminar 237 Laminar 2000 92 127 162 
4 in. 16.604 /ft x 240 ft 16 284 225 124 Laminar 213 Laminar 1800 82 113 145 
TABLE 1—CONTINUED 
Max. Unit Stress Total 
Max, Allowable Which May be Friction Losses, (psi) Through: Friction Losses Friction Losses 
Overpull 1000# Developed to Inside in the (Surface Pump) 
nie Grades cE & N-80 Free suck Drill 1000 ft Inside Annulus Annulus Theoretical Pressure), psi 
Strin Collars, (psi)*** Surface Drill Drill Bit Drill 1000 ft Annulus, psi 5400 ft 7900 ft 10,400 ft 
No. * 5400 ft 7900 ft 10,400 ft 5400 ft 7900 ft 10,400 ft Connections Pipe Collars Nozzles Collars D.P. 5400 ft 7900 ft 10,400 ft T.D. qb Ds 
1 108 93 78 820 705 590 15 77 124 455 25 31 181 259 337 1164 1434 1704 
112 99 86 850 750 650 19 120 172 725 47 57 288 430 573 1857 = =2290 2743 
le 108 93 78 820 705 590 19 Vh7. 200 455 43 47 280 398 516 1545 1956 2367 
2 107 92 78 734 630 535 17 91 62 455 32 23 148 206 263 1141 1426 1713 
111 98 85 760 672 582 22 134 86 725 48 39 244 340 438 1755-2187 2621 
3 151 129 108 890 760 635 20 53 80 455 26 19 78 165 211 937 1114 1292 
157 138 119 924 812 700 31 73 111 725 37 33 202 284 367 1434 1700 1964 
3-A 151 129 108 890 760 635 37 83 127 373 34 24 154 214 274 1106 1373 1641 
4 211 182 153 895 772 650 Za 35 47 455 V7 13 84 iitz4 149 787 907 1027 
219 193 167 928 818 707 29 49 66 725 22 21 130 183 235 1202 1377 1552 
5 239 204 169 955 816 676 12 54 62 455 7 9 53 76 98 860 1018 1176 
249 218 186 995 872 745 13 74 86 725 12 14 84 119 154 1289 1509 1730 


LEGEND 
*—Based upon 90 per cenit of the weight of this particular drill collar string being employed on the bit, and/or the length of the drill collar string to give 
about 31/2 buckles (theoretical) of that string. 


**—Based on new pipe body. 
***_The maximum unit pull which may be developed to free a stuck drill collar string is obtained by dividing the maximum allowable overpull by the 
outside area of 1 ft of the drill collar string. This is an index of the potentiol to free stuck drill collars by pulling up. 


TABLE 1—POWER REQUIREMENTS AND OTHER DATA FOR VARIOUS HOLE SIZE SOFT ROCK DRILLING OPERATIONS 


: Required Pump Required Pump Engine Required Hook 
: Hydraulic H.P. Input H.P Horse Power Rating Horse Power 
prill ele Mud __(Reauired Pump Output H.P.) * 
String Dia. Density 5,400 ft 7,900 ft 10,400 ft 5,400 ft 7,900 ft 10,400 ft 
No. Inches Lb/Gal T.D. TD» 5,400 ft 7,900 ft 10,400 ft TD: TaD: 5,400 ft 7,900 ft 10,400 
y 10 79 97 116 103 127 152 137 169 203 111 156 202 
3 
1 4%, in. 16 113 140 168 147 183 219 196 244 292 99 139 180 
1A A3/, in. 10 136 172 208 178 225 272 237 300 363 111 156 202 
E 10 88 110 132 115 144 172 153 192 230 
1 114 159 204 
2 5¥% in. 16 121 152 132 159 199 238 212 266 317 102 142 32 
A 10 89 105 122 116 137 160 155 182 213 170 235 
3 in. 16 122 145 167 160 189 218 214 252 291 151 210 367 
3-A Gane 10 135 168 201 176 219 262 235 292 349 170 235 300 
; 10 126 145 164 165 190 214 220 
4 7, ; 253 285 234 322 
7%fo in 16 173 198 223 226 259 292 301 346 390 208 286 367 
- 10 159 188 216 208 246 282 27 
5 33 f 8 328 376 279 385 4 
% in 16 214 250 287 280 327 378 374 436 504 249 aa 4b 
TABLE 1—CONTINUED 
: Total Required Rig Required Rig Engine R i i i 
Required Hoisting Engine Engine Horse Power H.P./1,000. ft Depth 71000 
7 npu ORE ower Horse ay Rating Split Rig Basis Split Rig Basis Compound Rig Basis 
String 5,400 ft 7,900 ft 10,400 ft 5,400 ft 7,900 10,400 ft 5,400 ft 7,9 
No. 5,400 ft 7,900 ft 10,400 ft T.D. ‘T.D. T.D. T.D 
169 236 306 198 278 360 335 44 ; 7 35 34 
1 vA 563 62 57 54 
151 211 272 178 248 320 374 492 612 69 62 59 3 3 i 
1-A 169 236 306 198 278 360 435 578 723 81 73 69 44 38 35 
173 241 310 204 284 365 357 476 595 66 60 
5 
2 155 215 276 182 253 325 394 519 642 73 66 me - 3 A 
258 356 455 302 419 535 457 601 748 85 76 
3 229 318 405 270 375 477 484 627 768 90 79 or 5 a i 
3-4 258 356 455 302 419 535 537 711 884 99 90 85 56 53 51 
355 488 620 417 575 730 637 828 10 
a 15 118 105 98 
315 434 556 370 510 655 671 856 1045 124 108 100 a fe ae 
423 583 745 498 685 876 776 1013 
5 1252 144 128 121 
378 521 666 445 614 785 819 1050 1289 152 133 124 & 74 76 
LEGEND 
*—At 76.6 per cent tr ission and vol tric efficiency. 


**—_At 75 per cent sea level horse power rating for continuous duty. 
—At 66 per cent draw works transmission efficiency. 
—At 85 per cent of engine rating for intermittent hoist duty. 
°—Based upon a hoisting rate at total depth of 100 ft/min. 
ond works engines (assumes a split rig). 
—tThese values include only H.P. required for draw works a i 
nd/or pump and do not include H.P. required for stand- 
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arill pipe and the result would be 
very similar. It seems more impor- 
tant to examine the drill collar string 
from this standpoint). In Fig. 3 we 
see such a comparison of drill string 
examples (from Table 1) for drill- 
ing 4%, 5%, 6, 7% and 8%-in. 
diameter holes. It may be noted that 
drill tubing strings, necessary for 
drilling small diameter holes in soft 
rock, are at a slight to moderate 
disadvantage in this respect, espe- 
cially at shallow depths. Usually this 
difference should not be significant. 

Another factor which may lead to 
greater hazard is the increase in 
length and reduction in rigidity of 
drill collar strings necessary with 
small diameter holes over current 
practice in conventional size holes. 
The undesirable results which this 
may lead to have already been men- 
tioned. Probably the most serious 
problems result from the increase in 
hole deviation and increase in hole 
enlargement. ‘“Keyseating” difficul- 
ties may be more frequent due to the 
increased hole deviation. This sug- 
gests that we should experiment first 
with small diameter holes in areas 
where hole deviation is not a prob- 
lem. Actually, the hole deviation 
problem currently appears to be the 
principal justification for limiting the 
number of buckles of the drill collar 
string.”*’ We may find that it will 
be necessary to liberalize hole devia- 
tion requirements substantially and 
devise methods of operating safely in 
the resultant holes before the smaller 
holes willbe practical in the areas 
where hole deviation is now a prob- 
lem. In the interim, there seems to 
be a substantial area of soft rock op- 
erations where we can operate with 
reasonable risk while using the drill 
collar strings necessary for favorable 
penetration rates in soft rock. 

Some practices which will proba- 
bly help here are: (1) maintenance 
of most favorable mud properties, 
(2) controlling rotary speeds to 
lower values than conventionally em- 
ployed, (3) maintaining the neutral 
point within the drill collar string 
and (4) increasing mud drill collar- 
hole annular velocities (over current 
practice). 

The problem of joints, both for 
drill string and drill collars, for 
smaller size hole drilling operations 
has not been completely solved. 
Joints have been designed, but are 
as yet untested in the field, for some 
drill collar and drill tubing strings 
shown in Table 1 for 434, 5% and 
6-in. diameter hole drilling. Confi- 
dence in manufacturer’s engineers is 
all that we currently have to assure 
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us that this problem can be solved. 
Historical oil field developments as- 
sure us that this confidence is well 
placed. 


Still another problem that appears 
to be somewhat more severe in the 
smaller size holes may be termed lost 
circulation and blow-out hazard. This 
results from the higher pressure drop 
of mud flowing in the annuli (see 
Table 1), the increase in pressure 
surges from running pipe in the hole 
and the increase in “swabbing” due 
to pulling pipe for the case of the 
smaller diameter holes.” The impor- 
tant point in most instances seems to 
be that this problem be recognized 
so that practical solutions may be 
applied.” Solution of this problem 
normally depends upon: (1) running 
pipe slower, (2) conditioning mud 


to within a narrow range of proper- 


ties, (3) temporarily reducing circu- 
lation rate at crucial times and (4) 
applying progressive remedial meas- 
ures if lost circulation occurs.™* 


HOLE EVALUATION 


The exploitation of petroleum re- 
serves must involve open hole and 
cased hole evaluation of various 
formations and production from 
commercial zones. Various proce- 
dures may be considered in develop- 
mental and exploratory operations to 
accomplish this objective. It appears 
unsound even for the case of ex- 
ploratory operations to drill small 
holes and ream to a larger size for 
the purpose of a complete hole eval- 
uation. This is because of the indus- 
try’s favorable success ratio of hits 
to dry holes and unfavorable ratio of 
cased, plugged, and abandoned wells 
to hits in soft rock operations (high 
frequency of reaming holes for eval- 
uation), unfavorable economics of 
rig requirements for this purpose 
and undesirably high operational 
hazard. Consequently, those smaller 
hole sizes have been examined here, 
which may be evaluated both in 
open hole and after casing has been 
set; 

Equipment, now being convention- 
ally employed, allows the evalua- 
tion of all open hole sizes greater 
than about 5%-in. diameter at es- 
sentially the same efficiency. Smaller 
hole sizes will not allow the routine 
use of contact logging devices. (This 
does not seem to be a critical limita- 
tion.) However, equipment can be 
made available to allow this. These 
are the only logs which cannot be 
routinely obtained in holes as small 
as 434 in. Other methods of evaluat- 
ing open holes can apparently be em- 


ployed at about the same efficiency 
in the small holes considered here as 
in conventional size holes. Probably 
in the near future wireline coring 
may not be practical in deep soft 
rock operations in the 434-in. hole, 
but this is possible in the 5%-in. or 
larger size holes. 


Certain engineers in the industry 
have been interested in small diam- 
eter casing completions for some 
time. Several groups are optimistic 
for this completion in a substantially 
large fraction of wells in soft rock 
operations and one group has pub- 
lished their conclusions.” Economy, 
of course, is the big driving force 
for this development. It appears, 
probable, however, that well com- 
pletion procedures may even be sim- 
plified in many cases by use of small 
diameter casings. 


RIG POWER REQUIREMENTS 
FOR VARIOUS HOLE SIZES 


It was concluded in the previous 
sections that equivalent daily drilling 
progress could be obtained with 
small holes in soft rock drilling and 
that small hole hazards, although 
greater, could be held to acceptable 
limits by proper engineering. Our 
problem now is to translate tech- 
nology which we have reviewed into 
specific operating conditions for 
drilling the small diameter holes. In 
the following analysis the drill strings 
and operating conditions were de- 
signed for a number of small hole 
sizes and in addition two conven- 
tional sizes for comparison purposes. 
The drill strings and conditions were 
designed, as well as technology will 
permit, to give equivalent drilling 
rates and minimum hazards. Judg- 
ment decisions were made in deter- 
mining the values of certain factors. 
Many of these factors will in actual 
practice depend upon the depth, 
hardness of the formation, mud 
properties required, etc. The condi- 
tions assumed here are average soft 
rock or Gulf Coast drilling. 


ASSUMPTIONS FOR 
DEVELOPING POWER 
REQUIREMENTS FOR VARIOUS 
HOLE SIZES 


The size of the drill pipe, or drill 
tubing,” for a given hole size was 
chosen, following an initial screen- 
ing process, to give reasonably good 
rig power economy. (Hydraulic 
power requirement is a big factor 
here.) It was also assumed that the 
outside diameter of tool joints should 
be at least no greater than that of 
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the drill collar string and that it the velocities for the 10 lb/gal mud. 
should be possible to “washover’ This is recognized as being unneces- 
either of these in most operations sarily high for chip removal, but it 
(at least with thin-walled pipe). The is desirable for minimizing difficul- 
length of the drill collar strings was _ ties with mud filter cake. It appar- 
selected so that, with about 90 per ently is impractical to develop tur- 
cent of the buoyed weight of the bulent flow in the theoretical drill 
drill collar string on the bit, either pipe-hole annulus with this high 
3% buckles (calculated) or a unit density mud. However, this desirable 
bit weight of about 2,000 lb/in. of flow state will obtain in the drill col- 
bit diameter would obtain. (This is lar-hole annulus opposite permeable 
obviously not desirable at shallow formations with typical mud filter 
depths but we need consistency be- — cake thicknesses. 
tween strings to allow comparison.) Jet bit nozzle velocities are held 
Mud circulation rates were chosen constant throughout (with one ex- 
principally on the basis of estimated ception) for purposes of simplifica- 
minimum annular velocity require- tion. The velocity of 225 ft/sec has 
ments with a mud density of 10 given reasonably good results in the 
Ib/gal. The examination in Fig. 2 conventional size bits. A 60 per cent 
was used together with currently ac- increase in power used at the bit is 
cepted technology” as a guide in es- _ necessary to obtain this with the 16 
tablishing the values. Calculations are 1b/gal mud over that necessary with 
shown for the drill strings in 434 the 10 lb/gal mud. This requirement 
ana 6-in. holes with tubulent flow in is uncertain. It should be emphasized 
the drill pipe-gauge hole annulus. that the nozzle powers shown are 
(Turbulent flow is desirable to limit minimum values at the depths in- 
filter cake thickness.)* These ex- volved and at shallower depths it is 
ploratory calculations indicate that certainly desirable to use as much of 
it is impractical to develop turbulent the available hydraulic power at the 
flow in the drill pipe-hole annulus in bit as practicable. 
many small diameter hole cases be- The hoisting power requirement 
cause of high pressure drop in the calculations are based upon a hoist- 
annulus. It seems more practical in ing rate at total depth of 100 ft/min. 
small diameter hole drilling to de- (The relative comparison between 
sign annular flow rates somewhat strings would be the same if some 
lower than that necessary for turbu- other value were used.) A draw 
lent flow. In these cases turbulent works transmission efficiency of 66 
flow should develop opposite perme- _ per cent and a hoist engine efficiency 
able formations when mud filter of 85 per cent were assumed in all 
cakes of typical thicknesses are de- cases to arrive at the required hoist 
posited (reducing diameter of con- engine horsepower. 
duit and increasing mud velocity). The pressure drop calculations 
The gauge hole annular velocities were made by using basic fluid flow 
for the 16 lb/gal mud cases were ar- formulas, together with a nomogra- 
bitrarily estimated as 90 per cent of phic development an example of 
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which is shown in Fig. 4. This de- 
velopment simplifies the making of 
accurate pressure drop calculations 
for thixotropic plastics such as drill- 
ing fluids and allows a rapid deter- 
mination of the type of flow (laminar 
or turbulent) in a given conduit. 
This development rearranges Poi- 
suelle’s law, assumes a critical Rey- 
nolds number of 2,300 and further 
assumes that the equivalent diameter 
concept is valid for the flow of plas- 
tic fluids in an annulus. Calculations 
may then be made for a fluid of any 
given density and for any given an- 
nulus to obtain a curve in terms of 
shear rate and shear stress which 
shows the locus of points at which 
various fluids will break into turbu- 
lent flow. (Conditions to the left of 
the curve for a particular mud, shear 
rate and diameter conduit give lami- 
nar flow; whereas, conditions to the 
right of this curve will give turbulent 
flow.) After plotting the curves we 
superimpose the properties of the 
mud in terms of yield point and plas- 
tic viscosity and calculate mud shear 
rate from known data. We then de- 
termine if this shear rate intersects 
the shear stress—shear rate plot of 
mud properties to the left or the 
right of the parabolic curve for the 
mud density and annular diameter 
involved. 

If this intersection is to the right 
of the parabolic curve the turbulent 
flow state will result and the turbu- 
lent flow viscosity of the mud should 
be used in pressure drop calculations. 
(The turbulent flow viscosity of a 
mud is substanti!ly constant.) If the 
intersection is to the left of the para- 
bolic curve, laminar flow obtains 
and the viscosity of the mud is the 
slope of a line drawn from this in- 
tersection to the origin. Limited 
checks of this development indicate 
it to be substantially more accurate 
for pressure drop calculations than 
is possible by routinely employed 
methods—especially for the atypical 
conditions which we have in small 
diameter hole drilling. Rheological 
properties obtainable with Gulf Coast 
muds, shown in Fig. 4 for the 10 
lb/gal mud density, were employed 
in the pressure drop calculations. 
The properties used for the higher 
density mud were: mud density— 
16 Ib/gal, yield point—0.1 1b/ft,’ 
plastic viscosity—40 cp, and turbu- 
lent flow viscosity—20 cp. 

The required pump engine horse- 
power ratings were arrived at by em- 
ploying typical industry design fac- 
tors. A pump (transmission and 
volumetric) efficiency of 76.5 per 
cent and a pump engine efficiency of 
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_75 per cent were employed in these 
calculations. 


POWER REQUIREMENTS 


Shown in Table 1 are rig power 
requirements for 454, 5%, 6, 7%, 
and 834-in. diameter hole sizes with 
split and compound rig bases along 
with certain other data. _ 

Of particular significance is the 
increase in pressure drop of mud 
flowing in the annulus with de- 
creased diametral clearance and 
with turbulent flow in the drill 
pipe-hole annulus. Also, worth par- 
ticular notice is the reduced circulat- 
ing rates and increased circulating 
pressures with hole size reductions. 


A comparison of the required rig 
engine horsepower/1,000 ft depth 
with the assumed split rig basis for 
the various hole sizes is shown in 
Fig. 5. It may be noted that a large 
savings in rig horsepower is possible 
by drilling small diameter holes. A 
part of these same data is also shown 
in Fig. 6, where the required rig en- 
gine horsepower with the assumed 
split rig basis is shown vs hole di- 
ameter for a 9,000-ft depth hole 
with 10 lb/gal mud and a 12,000- 
ft depth hole with 16 Ib/gal mud. 
The horsepower required for drilling 
the various hole sizes, is approxi- 
mately proportional to depth. We 
could arrive at the same conclusion 
by examining the rig power require- 
ments shown in Table 1, for an as- 
sumed compound rig basis. 
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CONCLUSIONS 


1. Substantially the same daily 
drilling progress is possible in most 
soft rock drilling operations with jet 
bit sizes in the range between 434 
and 8% in. diameter if proper em- 
phasis is placed upon developing 
equivalent hydraulic cleaning capac- 
ity for the various size bits. 

2. The hazard in drilling the 
smaller size holes with reduced di- 
ametrical clearances will be some- 
what greater than in drilling the 
larger size holes. It should be pos- 
sible, however, to control these to 
acceptable values by employing good 
drilling and mud engineering prac- 
tices. 

3. Large savings are possible in 
most soft rock drilling operations by 
reducing hole sizes as a result of re- 
ducing horsepower requirements and 
increasing rig portability. 

4. Small diameter holes cannot 
now compete with large diameter 
holes in formations where deviation 
is a serious problem. 

5. The 6-in. diameter hole size, 
now being experimented with by the 
industry, seems assured of success- 
ful exploitation. The next likely size 
which appears to have a very high 
chance of successful exploitation is 
the 51%-in. diameter hole. 
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ABS TRA 


A method is given for predicting the complete gravity 
drainage characteristics of arbitrarily long columns from 
centrifuge drainage measurements on reconstituted core 
samples. Oil residuals corresponding to hundreds of 
years of normal gravity depletion can be obtained in a 
few hours on the centrifuge. The gravity flow rate at 
any stage of the depletion process may be determined 
from the time correlation derived, and experimentally 
checked, in this study. 


IND ROD UCTION 


Apart from the original observations of Muskat et al’, 
research publications” ** on the subject of gravity drain- 
age have been largely concerned with establishing in 
detail the saturation, S as a function of the height, z, 
in a draining column at any given time, t. Some form of 
numerical integration must be employed to obtain pro- 
duction rates and cumulative production even when 
S(z, t) is known. Furthermore, the relevant experimental 
work has been concentrated on drainage of a single wet- 
ting liquid from unconsolidated media. Since oil produc- 
tion usually concerns the drainage of a partially wetting 
liquid from consolidated media, in the presence of con- 
nate water, and since it is unlikely that sufficient infor- 
mation exists to establish S(z, t) in detail for any natural 
reservoir, the published research work appears to be, at 
best, only qualitatively applicable to production prob- 
lems. With this in mind, the present study was under- 
taken by the writer. Experiments were planned whose 
results would have two advantages over existing meas- 
urements: 


1References given at end of paper. 

Original manuscript received in Petroleum Branch office on May 6, 
1955, Revised manuscript received March 7, 1956. Paper presented at 
Petroleum Branch Fall Meeting in New Orleans, Oct. 2-5, 1955. 
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1. Observations were to be made on specific reservoir 
rock, reconstituted with formation water and formation 
oil. This would reduce their generality, from the re- 
search viewpoint, but increase their utility for produc- 
tion purposes. 

2. The measurements were to be self-integrating, i.e., 
the phenomena were to be described and interpreted in 
terms of cumulative results. 


THEORETICAL DEVELOPMENT 


It was commonly known that centrifuging a liquid 
bearing porous medium increases the drainage rates and 
minimizes capillary end effects. The specific problem 
lay in selecting an acceleration, a, such that the mean 
residual saturation of a model cylinder was equal to the 
residual saturation of an arbitrarily long prototype col- 
umn when the latter was drained by earth gravity alone. 

The physical conditions required to permit a valid 
scaling of model drainage time, f,, with prototype drain- 
age time, t, may be stated as follows: 


(a) Att = tm — So = Sie 
(b) At f = th = Suni 
(c) For all intermediate values of t and ty, = = = 


whenever 5 = Sas 
(d) S(z) = S,(z) = a constant when t = ¢, = 0. 


=, h 
Here S) = h if S(z)dz, where h is the length of the 


cylindrical column being drained and the subscripts ,,, 
o, and , refer to model, initial, and residual systems, 
respectively. 


The first three conditions mean, simply, that an S vs 
t plot will be numerically identical with an S,, vs tm plot, 
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as illustrated in Fig. 1. The fourth condition states that 
the initial oil distribution must be macroscopically ho- 
mogeneous along the axes of both model and prototype 
columns. Model and prototype are regarded as identical 
structures having the same fluid contents. The connate 
water is treated as a fixed constituent of the medium, 
and the saturations refer only to the oil saturation ex- 
pressed as a fraction of its initial value. 

If M and M,, are the total mass of oil in prototype 
column and sample core, respectively, it follows that 


= M = Mn 

where p is the oil density, ¢ the effective oil porosity 
(gross porosity minus the connate water fraction), and 
A, h, Am, are the cross-sectional areas and lengths of 
prototype and model. Thus there results oe 


dS p 1 dM dS » = 1 dM 
dt p A h dt dt, dtm 


The second boundary condition, that $, = Sn, as ¢ 
and t, become very large, requires that the centrifugal 
acceleration a must be great enough to make the frac- 
tion of liquid retainer in the model, by end effect, just 
equal to that retained in the prototype at earth gravity 
g by the same end effect forces. Consider the capil- 
lary pressure curve of the porous medium, shown in 
idealized form in Fig. 2. Such curves may be obtained 
by a separate set of measurements on the centrifuge, as 
described by Hassler and Brunner,’ Slobod et al,” and 
others. 

With reference to Fig. 2, the threshold pressure P., 
below which none of the wetting phase is displaced, 
can be represented by an equivalent capillary length in 
prototype, h., and model, h,,., through the relationship: 


a 
P. p gh. p or h. = 2 ses (3) 


The capillary end effect retention is then reduced to 
the same proportions in model and prototype if 


h h ah a 
For rigorous correspondence between systems, a 
must be selected to satisfy Eq. 4. The condition ap- 
plies to the drainage of wetting and partially-wetting 
liquids. This does not mean that the equivalent capil- 
lary length is the same for a partially-wetting liquid 
as for a wetting liquid, but merely that the capillary 
retention of the one is proportional to that of the other. 
The proportionality factor need not be determined, 
since it vanishes when the ratio is taken for identical 


media and identical liquids. 
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If boundary conditions a and b are established, it 
follows from Darcy’s law that condition c will also 
prevail provided that the flow velocity is not increased 
to the point where Darcy’s law does not apply. This 
limitation is observed on all measurements referred 
to here. = 


An additional simplification is possible when very 
long prototype columns, corresponding to large a ap- 
plied to the samples, are considered. Under such con- 
ditions the end effect makes only a trivial contribution 
to the residual saturations, and the magnitude of a 
need not be as large as required by Eq. 4. To illus- 
trate, the case of large prototype end effect is shown 
in Fig. 3A. This is a plot of residual saturation as 
a function of the height along the cylindrical axis for 
a gravity depleted prototype column. The a for a scaled 
centrifuge model of this system would have to conform 
to Eq. 4. On the other hand, Fig. 3B exemplifies the 
case of small prototype end effect, i.e., the gravity de- 
pletion of a very long column, for which h/h,, is, say, 
10,000. Even though a/g values of this magnitude can 
be reached on centrifuge equipment, the end retention 
generally becomes negligible far below this value for 
reasonable model lengths of 3 to 5 cm. 

The values at which end effect does effectively van- 
ish can be determined by measuring the residual satura- 
tions as a function of increasing a/g, precisely as is 
done in determining the capillary pressure curves, until 
increasing a produces no additional liquid discharge. 
Above this value of a/g the drainage model is physically 
scaled to represent an infinitely long prototype column. 
Consequently it is not necessary to follow Eq. 4 above 
this optimum ratio, which was between 600 and 800 
for the systems examined in the present work, since 
the second boundary condition, S, = Sn, is already 
realized. 

The flow rates, of course, are sensitive to the mag- 
nitude of a at all times prior to complete depletion. 
For two systems of identical composition, in which 
end effects have either been scaled according to Eq. 
4 or are known to be negligible, the drainage flow 
velocities are related by 

ddim adq 

Here qg and gq, are the respective cumulative volumes, 
in prototype and model, that have crossed unit area of 
end surface, where the latter is assumed to be perpen- 
dicular to the flow path. It should be noted that 


dM dS dq 
= Ah = po A— ; 
a 


0 1.00 
Fic. 2 — IDEALIZED CAPILLARY PRESSURE CURVE. 
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dM dS ddm 
From this, together with the application of the third 


boundary condition and Eqs. 2 and 5, it follows that 


The actual scaling of the time is then given by 
at. ah 
thatt, = |——| ¢, 8 


for the initial condition that t, = tno = 0. 
When end effects are large enough to require the 
application of Eq. 4, the relative time scale becomes 


COMPARISON WITH EXPERIMENTS 


The time scaling relationships were developed above 
for specific application to producing formation core 
samples. However, before employing them for produc- 
tion estimates, ordinary caution required that they 
be checked against a laboratory prototype column. 

This drainage column consisted of a continuous Tor- 
pedo sandstone cylinder, 154 cm long and about 5 cm 
in diameter, with the lateral surfaces entirely sealed 
in Lucite tubing. Centrifuge sample cores, in the form 
of cylinders about 3 cm long and 2 cm in diameter, 
were cut from discarded end sections of the parent 
column. The sandstone was initially oil and moisture 
free. 

The large column was supported vertically by a spe- 
cial pinion rack, which in turn was mounted on a plat- 
form balance. During the drainage measurements the 
receiving vessel was supported by a bridge, out of con- 
tact with the balance pan. In the actual weighings, the 
liquid level in the receiver was lowered until it broke 
contact with the bottom of the column. 

Temporary caps were sealed over the open ends of 
the column, and the system was evacuated to a con- 
stant pressure of about 8 mm of mercury, for about 
75 hours. Slightly more than six pore volumes of dis- 
tilled water were then drawn through, without breaking 
the vacuum, and the system was allowed to stand for 
eight days under excess water, after which an addi- 
tional pore volume of water was passed through, essen- 
tially under free fall conditions, aided by a 1 or 2 in. 
hydrostatic head. The water level was then lowered just 
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to the top of the sand, and the weight increment of 
water saturated system, over the dry system, was used 
to calculate the volume of occluded water. Subsequent 
measurements on the small core samples indicated 
that about 99 per cent of the total porosity was ac- 
counted for. 

Crude oil, previously filtered through a 4-in. section 
of Torpedo sandstone, was then admitted to the upper 
cap of the column, and the displacement of water by oil 
was carried out by gravity forces until oil breakthrough 
occurred at the lower end of the column. A 15-lb 
pressure differential was next applied, and a total of 
four pore volumes of additional oil was forced through. 
Oil saturation was considered to be complete when the 
final two pore volumes of this oil revealed no visible 
produced water. Reweighing the system gave the weight 
loss resulting from the displacement of water by the 
lower density oil, from which the initial oil saturation 
S, was found to be 69 per cent of the effective pore 
space. 

After extracting and oven drying, the small centri- 
fuge sample cores were saturated with distilled water 
in vacuo, and reconstituted with oil by centrifuging 
them, while immersed in the sand filtered crude, at 
accelerations of about 18,000 gravities. The recon- 
stitution of small cores, using the centrifuge, has been 
discussed’ in detail in the literature, and will not be 
reviewed here. 

Previous investigation, on other Torpedo cores, had 
shown that this procedure achieved maximum equili- 
brium oil saturations of about 81 per cent in two hours 
centrifuging. For these experiments, oil saturations of 
only 69 per cent were needed to match the prototype, 
and the centrifuge time was accordingly reduced to 
about 50 minutes. The oil saturation averaged 67 per 
cent, + 2 per cent, for the first set of four, and 72 
per cent, + 1 per cent, for the second set. Of these 
eight specimens, one was cracked through a handling 
accident, and complete data were obtained on the re- 
maining seven. 

In Fig. 4, the observed gravity drainage of the 
prototype column is compared with the centrifuge pre- 
diction. Actual column drainage is represented by the 
solid line, while the centrifuge data from the seven 
small cores are plotted against the time as scaled from 
Eq. 9 in the preceding section. Saturation, as used in 
this plot, refers only to the fraction of the original oil 
saturation consistent with the treatment of connate 
water as part of the fixed porous medium. Inspection 
of Fig. 4 indicates satisfactory corroboration of the 
time relationships previously derived. The time scaling 
calculation is given in Appendix B. 


CONCLUSIONS 


In principle, the correspondence between centrifuge 
prediction and actual gravity drainage, on the basis of 
the development presented here, may be considered to 
be neither more nor less precise than the sampling 
technique itself. To each small, reconstituted sample, 
for any given centrifuge acceleration, there will cor- 
respond an ideal, gravity drained prototype column, 
and the centrifuge drainage of the samples can be used 
to predict the gravity drainage of this ideal prototype. 
The question is: Does this ideal prototype correspond 
physically to some actual system of interest to the ob- 
server? If certaih boundary conditions, as set forth 


here, are met, the answer appears to be in the affirm- 
ative. 
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Fic. 4— OBSERVED GRAVITY DRAINAGE OF OIL FROM 
154 CM CoLUMN COMPARED WITH CENTRIFUGE DRAIN- 
AGE OF SEVEN 2.9 CM MOoDELs. 


When the transition is made from laboratory 
prototype to the reservoir, the effect of density and 
viscosity differences between laboratory and formation 
oil may be introduced into the present development. 
However, in addition to an initial uncertainty above 
the adequacy with which a given set of core samples 
represents the formation rock, differences in interfacial 
tensions and wettabilities cannot be quantitatively ac- 
- counted for at the present time. Neither can it be rigor- 
ously established that the initial oil saturation and 
connate water distribution will be exactly the same in 
reconstituted sample and reservoir rock. The presence 
of a dispersed gas phase within the mobile reservoir 
liquid would be difficult to reproduce in the laboratory 
system. 

Despite these uncertainties in sampling, the centri- 
fuge drainage data, on properly reconstituted and care- 
fully selected small cores, probably affords the best 
available means of predicting the complete gravity 
drainage curve of an actual reservoir system. The ap- 
plication to practical problems may be expected to 
yield reasonable engineering approximations to the 
reservoir behavior. 

In closing the writer wishes to thank the manage- 
ment of the Phillips Petroleum Co. for permission 
to publish this paper. 


APPENDIX A 
EQUIPMENT AND PROCEDURE 


A Size 2, Model V International centrifuge was em- 
ployed for the drainage measurements. This equipment 
was supplied with constant temperature control, voltage 
stabilization, and stroboscopic observation facilities. The 
sample holders were essentially the same as those used 
for capillary pressure work.’ Liquid drainage rates were 
determined by stroboscopic observation of the calibrated 
glass collection tubes, while the centrifuge was operat- 
ing at constant speed. 


The centrifuge acceleration a is given in terms of 

standard gravity g by 
x10-) Nr, 

where N is the angular velocity, in revolutions per 
minute, and r is the distance from the axis of rotation, 
in centimeters. When a cylinder of finite length is con- 
sidered, with one end a distance r, and the other a 
distance r, from the rotation axis, the arithmetic ra- 
dius r= % (r, +7) must be employed. The validity 


of this substitution has been examined by the method of 
successive approximations,’ and has been shown to be 
justified for r,/r, ratios of 0.70 or greater. In the pres- 
ent work r,/r, ranged from 0.78 to 0.85. 


It is essential that the lateral surfaces be sealed on 
all drainage specimens. Failure to observe this precau- 
tion results in surface seepage and yields erroneously 
high flow velocities. By far the most satisfactory pro- 
cedure, and the one finally adopted for this work, was 
as follows: 


Tygon tubing, with an inside diameter slightly smaller 
than the diameter of the cylindrical specimens, was 
slipped over the sample. This Tygon-encased sample 
was then forced into the drainage cup holder, which 
had an inside diameter slightly smaller than the out- 
side diameter of the tubing-plus-sample cylinder. Thus 
the specimen holders acted as compression sleeves, 
forcing the tubing against the sample faces. Since the 
density of Tygon is greater than that of either oil or 
water, the lateral sealing pressure tends to increase as 
the a/g ratios increase. 


When a contact medium, such as a filter paper disc 
or a layer of sand supported on a fine mesh screen, is 
used, the medium should be positioned in the holder, 
saturated with the fluid of interest, and centrifuged at 
the pre-determined drainage speed with no specimen, 
until all excess liquid is drained off. Filter paper discs 
were ultimately used in this work, however, supplemen- 
tary measurements showed that satisfactory results could 
be obtained with only a mesh screen, or even with no 
contact medium at all. 


APPENDIX B 
TIME SCALING CALCULATIONS 


Average length of centrifuge specimens (h,) 2.92 cm 
Prototype column length (h) 154. cm 
End effects appreciable in a prototype column of this 
length, hence centrifuge acceleration, a, must be de- 
termined by Eq. 4, and time scaling by Eq. 9. 

(a/g) = (h/hay= 52.8 

Actual centrifuge speed in revolutions per minute, N, 
for the mean radius of rotation, r, of 16.8 cm, was 


given by 

(a/g)_ = (1.118 x 10°) N’r 
from which 

N = 525 rpm 


This speed was maintained within 1 per cent after 
initial 10-second speedup period. 
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In the withdrawal of fluids from 
tilted aquifers it is of value to be 
able to predict pressure patterns dur- 
ing the course of the pressure de- 
cline. As an example of this, in the 
displacement of fluids from oil reser- 
voirs being produced by water-drive, 
prediction of the reservoir pressure 
is an important factor in fixing pro- 
duction rate. The prediction of pres- 
sure patterns in the depletion of an 
inclined aquifer has conventionally 
been made by solving the well known 
flow equations for the pressure pat- 
terns in a horizontal aquifer, and 
correcting these patterns for the 
pressure difference due to the hydro- 
static head associated with the verti- 
cal distance between a point in the 
horizontal aquifer and the corre- 
sponding point in the tilted aquifer. 

Inasmuch as the equation describ- 
ing flow in tilted strata is different 
from that for horizontal flow, there 
was question as to the validity of the 
simple corrective procedure currently 
in use. To examine the magnitude of 
error made ustng this procedure, an 
inclined aquifer was chosen for 
which the error was expected to be 


Original manusexipt received Oct. 4, 1955. 
Paper presented at Southern California Pe- 
troleum Section Fall Meeting in Los Angeles, 
Oct. 20-21, 1955. 


92 


4232 


large, and the equation for flow in 
this tilted stratum was solved nu- 
merically. The results of the conven- 
tional procedure of correcting the 
solution of the equation for horizon- 
tal flow was compared with the solu- 
tion of the correct equation by study- 
ing the difference between predicted 
pressures by the two methods. Three 
forms of the hydrostatic head correc- 
tion were studied. 


The results for all three forms of 
the head correction are similar. The 
error in the approximate solution is 
quite dependent on the position of 
the horizontal aquifer with respect 
to the inclined one. The error is 
greatest at the producing end and in- 
creases with amount of ftuid_with- 
drawn. The magnitude of the errors 
is not large if a good choice is made 
for the position of the horizontal 
datum. The most satisfactory posi- 
tion for the datum in all cases is 
near or slightly about the mid-point 
of the inclined stratum. Use of the 
best approximate method studied 
with the best datum tested yielded 
predicted pressures in error no great- 
er than 7 psi. 


INTRODUCTION 


The movement of water by expan- 
sion from an aquifer to displace 


HUMBLE OIL & REFINING CO, 


fluids from a contiguous oil reser- 
voir was first recognized over 20 
years ago.” Since that time much 
work has been done to relate this 
mechanism to reservoir behavior 
mathematically. The result of this 
effort on the part of many workers 
has led to an understanding of under- 
ground fluid movement which has 
enabled us to follow and predict the 
behavior of the water-drive reservoir. 

One reason that good progress 
has been made in the application of 
mathematics to the study of pressure 
patterns and water movements in 
aquifers has been that the differential 
equation which describes this pro- 
cess is of a relatively simple form. 
The equation for the isothermal, hor- 
izontal, viscous flow of water through 
homogeneous sandstone is identical 
with that for the diffusion of heat 
through homogeneous solids, and this 
equation and means of obtaining solu- 
tions for it with many types of boun- 
dary conditions have been studied ex- 
tensively. That this work has been 
highly successful is clearly empha- 
sized by the large number of solutions 
developed for problems of interest 
both by methods of formal mathemat- 
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ics and ingenious electrical analog de- 
vices.” However, natural aquifers 
seldom satisfy exactly such require- 
ments as the conditions of homogen- 
iety, horizontality, and temperature 
constancy. The formulation of a 
more precise description of the reser- 
voir to take into account deviations 
from these restrictions will necessar- 
ily alter the basic mathematical equa- 
tion. For example, the lack of homo- 
geniety will modify the geometry and 
thus increase the complexity of the 
differential equation; often, however, 
such geometric changes do not alter 
the solution of the equation in any 
essential way. On the other hand, the 
inclusion of gravitational potential in 
describing flow which takes place 
up-or down-dip, or consideration of 
volume changes and heat conduction 
when flow occurs in a thermal field 
produces major changes in the differ- 
ential equation. The equations which 
result from considering non-horizon- 
tal flow, flow along a thermal grad- 
ient, or both, are not of a form that 
may readily be solved by classical 
methods, and no formal solution for 
them is yet available. 

_It has usually been assumed that 
a reasonably accurate approximation 
for the prediction of pressure pat- 
terns arising from the withdrawal of 
fluids from an inclined aquifer could 
be obtained by making a simple head 
correction to the patterns predicted 
by the solution of the equation for 
an associated horizontal problem.”™* 
This is, of course, a very attractive 
approach by virtue of its simplicity. 
However, it has been suggested that 
serious errors may result from neg- 
lecting gravitational forces in de- 
scribing flow in inclined strata.* It is 
the purpose of this work to study the 
magnitude of the errors that may re- 
sult from using the approximation 
just described. The size of the errors 
is studied by use of an extreme ex- 
ample chosen so that the magnitude 
of the error from using the approxi- 
mate method will be larger than that 
of the errors which would arise in 
most practical cases. A solution of 
the correct equation for the example 
chosen has been computed numeri- 
cally, and the pressure patterns de- 
rived from this solution are com- 
pared with those based on the ap- 
proximate method. 

No consideration is given here to 
the magnitude of possible errors that 
may arise due to temperature differ- 
ences which normally occur within 
aquifers extending over a wide depth 
range. However, it is interesting to 
note, in passing, that the errors intro- 
duced by neglecting a normal tem- 
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perature gradient, that is, one which 
is associated with an increase in tem- 
perature with depth, will be expected 
to produce errors opposite in direc- 
tion to those introduced by neglect- 
ing gravitational forces. 


DIFFERENTIAL EQUATIONS 


In order to compare the two meth- 
ods of pressure prediction, it is de- 
sirable to compare the differential 
equations for flow both in horizontal 
and tilted aquifers. 


The equation for isothermal, one- 
dimensional flow in a tilted aquifer 
may be obtained by combining the 
equation of continuity 


O(pv) 0 
and the equation of state for water 
dp _ 
dp = cp (2) 


The velocity, v, which is taken along 
the direction x of a formation mak- 
ing angle a with the horizontal (see 
Fig. 1) is related to pressure, p, by 


Ox 
wherein it is assumed that perme- 
ability, k, and viscosity, , both are 
independent of pressure and position. 
It should be pointed out that inas- 
much as g is the acceleration in a 
downward direction, it is taken to be 
negative. Combining Eqs. 1, 2, and 3 
with the substitutions 


X = x/l 
cglp, sin a 


yields the differential equation in 
dimensionless time and space vari- 


ables 
0 fa Ap 
OX \ ox po 00 

INITIAL AND BOUNDARY 

CONDITIONS 


Production will be assumed to 
occur at constant mass rate gq at X 
= 1 for all © > O, while it is as- 
sumed that no flow occurs at the 
closed boundary X = 0. Flow is 
taken to be zero everywhere for 
© < 0. If the static density p(X, 0) 
is taken to be p,, and p, of Eq. 4 is 
defined as p(0, 0), then from Eqs. 3 
and 2 ato = 0 


op Ps 1 
Po Ps (X, 0) 
Integration of Eq. 6 with respect to 


X gives the initial density distribu- 
tion 
Ps (7) 
The boundary conditions are 


q = v(1, ©) 8) 
0 = v(0, 8) 
The corresponding equations for the 
horizontal aquifer are easily written 
by setting a = 0, wherein Eq. 5 be- 
comes : 


_ Opn 

(9) 
the subscript h indicating the vari- 
able for horizontal flow. The initial 


distribution is a constant, Po,» and 
the boundary conditions are 


k Opn 
q ox 
(0) 
(0, 


HYDROSTATIC HEAD CORRECTION 


At this point it is desirable to con- 
sider forms the conventional hydro- 
static head correction may take. The 
problem may be stated by reference 
to Fig. 2. The two solid bars of 
length 7 represent two reservoirs of 
identical characteristics except for 
the angle of inclination, a. The term 
“hydrostatic head correction” as it is 
used here means the following: if 
the pressure distribution in one of 
the aquifers, say the horizontal one, 
is known, then the corresponding 


_ distribution in the tilted aquifer is 


found by adding to the pressure at 
each point in the horizontal aquifer 
the hydrostatic pressure due to the 
column of liquid whose height is 
the vertical distance between the 
point and the corresponding point 
in the tilted aquifer. In Fig. 2, for 
example, where the horizontal datum 
has been chosen to intersect the in- 
clined system at X;, the pressure at 
the dimensionless distance X from 
the closed end of the horizontal 
aquifer is related to the pressure at 
this point of the tilted one by adding 
the pressure difference, Apu, due to 
a column of liquid of height /H, 
where H = (X — X;) sin a. It 
should be noted that H becomes 
positive for X > X;. The pressure of 
a column of water of height /H can 
be estimated in several ways. The 
simplest way is to use an average 
density, p., whereupon 

Spal 

There is always a value of p, which 
will give the correct hydrostatic pres- 
sure, Apu; although p, is not a sim- 
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ple arithmetic average, it must lie 
between the values of the density at 
the top and bottom of the column. 
As the height /H increases, the dif- 
ference in top and bottom density 
also increases, and therefore, the un- 
certainty in the correct p, will in- 
crease. In this case, the proper Apu 
is conveniently computed by integra- 
tion. Inasmuch as for a static column 
the density distribution is initially 
given as p, by Eq. 7, and 

gp;dH gp,lsinadx 


8c 
the correction Ap, for the point X 
shown in Fig. 2 may be obtained by 


X, gl sin a 
ADx = = 


= 


1 1+ AX, 


If the liquid in the tilted aquifer is 
flowing, the static distribution, p., 
should not apply, for the integrand 
must then contain the flowing dens- 
ity distribution p(X,@), which is the 
solution of Eq. 5. The correction to 
the pressure in a flowing reservoir 
must take the form 


x 
APs = p(X,0) dX 
(X,0) dX 


(12) 
“This eorrection is ; much too com- 
plicated to use in practice as it con- 
tains the unknown in the integrand 
im an inconvenient form. However, 
inasmuch as it should be the most 
nearly accurate head correction that 
can be applied in this type of ap- 
proximation to the pressure distribu- 
tion in a tilted aquifer, its relation- 
ship to the true equation for this 
case should be examined. If z(X,0) 
is the pressure predicted by the 
approximate solution for the tilted 
aquifer, then it is related by Eq. 
12 to p, (X,0), the pressure distribu- 
tion for the horizontal aquifer, by 


13 
p(X,0) (13) 


If the corrected pressure, z, were 
exactly that associated with p(X,0), 
the solution of Eq. 5, then the re- 
lation between p and p, from Eqs. 
13 and 2 is 


Cio 


pr = pe . (14) 
Differentiation of Eq. 14 in accord- 
ance with Eq. 9 yields a contradic- 
tion of Eq. 5, hence z is not the 
exact pressure distribution associated 
with a solution of Eq. 5. 
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Thus there remains the problem 
of studying by example the magni- 
tude of the difference between 
p(X,Q) and its approximation, 
z(X,0). This requires solving Eqs. 
9, 10, 13, and 14 for z and compar- 
ing this corrected pressure with p 
from Eqs. 5, 7, and 8. However, the 
variable, p, that appears in the inte- 
grand of Eq. 14 is awkward, and in- 
asmuch as this elaborate correction 
is never used in practice, the simpler 
approximation of Eq. 11 will be 
used to define 


DENT 


where wu is ne approximation to be 
compared with the correct pres- 
sure, p. 


Pr( X,9) 


CHANGE OF VARIABLE 


The variable, p, in both Eqs. 5 
and 9 is inconvenient to use in a 
numerical solution. The primary rea- 
son for this is that this variable 
changes but little during the course 
of pressure depletion. Thus the nu- 
merical solution in terms of p would 
require computation to several more 
digits of precision than would the 
same solution specified in the more 
sensitive variable, p. Therefore, p 
might be chosen as the dependent 
variable. However, both Eqs. 5 and 
9 would become much more in- 
volved with p as the variable; this is 
especially true of Eq. 9 which would 
no longer be the classical form of 
the heat-flow equation. There is an 
advantage in retaining the form as 
it now stands, but increasing the 
sensitivity of the variable. For this, 
R = 1 — p/p, was chosen for sub- 
stitution in Eq. 5 and R, = WQ, = 
1 — pn/pn, Was chosen for substitu 


tion in Eq. 9 
Using the variable, R, Eq. 5 be- 
comes 


OR  2NR(1 — R) 
OR 


with boundary conditions 


aR 
= 0, (Fee 


= ROC) RO, oy1.ana( 


ax 
= 9 [1 = 

(1, 8) 1+X 
(16) 


where Q is a dimensionless rate: 
cul(l 

The horizontal case can be written 
by setting A = 0; for a more general 


solution, by letting R,/OQ, = W 


cpl 
where QO, = ae then 
(17) 
ox” 
with boundary conditions 
W(X,0) = 0 
ow 


ow 
ax 


DIFFERENCE EQUATIONS 


Approximate solutions for Eqs. 15 
and 16 can be obtained numerically. 
The continuous derivatives may be 
replaced by finite ratios, yielding a 
set of algebraic equations which can 
be solved by arithmetic. It has been 
shown that for second order equa- 
tions, such as Eqs. 15 and 17, an 
implicit method of numerical solu- 
tion may be used’. The finite differ- 
ence approximation of Eq. 15 that 
will be considered is 

(AX)? 
Rive 
bh ( 2AX ) 
2NRi Rin) 
where , and , are the indices of the 
X and © directions, respectively, and 


(19) 


At X = 0, the boundary equation 
is approximated by 
= 


— 
(Rat ER 
XxX 
Rian — = OAX — 


The Eqs. 19, 20, and 21 form a set 
of simultaneous equations in R of 
the form 


i,n 


A, + By = Dyn 
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where at the time 0,, the terms D, 
contain only constants and the pre- 
viously calculated solution R,,, for 
0 <i<k. The system of Eq. 22 can 
be solved directly without iteration 
for values of R, ,+;. ? Successive ap- 
plication of Eq. 22 starting with R,., 
= 0 yields numerical approximations 
to the solutions of Eqs. 15 and 16 
on the points X,,0,. 


MATERIAL BALANCE 


During computation it is conveni- 
ent to keep an independent check on 
the course of depletion particularly 
as an aid in detecting computer er- 
rors. A material balance on the aqui- 
fier is a suitable check. 


Let M, and M, be the mass of 
fluid present initially and at time 0, 
respectively, per unit of producing 
area. 


1 


1 


Inasmuch as X is much smaller than 


M,-—M 
1, QO (1 + 4/2) and 


is approximately the fraction of the 
initial water which has been removed 
at time ©. At any time, 0,, the in- 
tegrand of Eq. 23 may be approxi- 
mated from the R;,, by the use of 
a quadrature formula like Simpson’s 
rule. The agreement with QO, pro- 
vides a check on the accuracy of 
computation as well as a measure of 
the precision of the numerical solu- 
tion. The expression corresponding 
to Eq. 23 for the horizontal case is 


Wax. 
0 


RESERVOIR PROPERTIES 


In order to carry out the numer- 
ical solution of the Difference Eqs. 
19, 20, and 21, values for A and Q 
must be chosen. Both these paramet- 
ers are functions of physical proper- 
ties of the aquifer. To proceed fur- 
ther, it is necessary to choose a par- 
ticular aquifer of definite size and 
inclination. As it is our purpose to 
examine difference in the results of 
two methods of calculation, choice 
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of the physical properties should be 
made so that an extreme difference 
will be studied. It is clear that the 
greater the length, J, and angle of 
tilt, a, of the aquifer, the more severe 


_ the possible errors in the conven- 


tional approximation be. From the 
definition of Eq. 4, 


— cglp, sin a 


the choice of extreme values for / 
and a implies an extreme value for 
the magnitude of A. The properties 
necessary for evaluating . were 
chosen as follows: 

c = 2.18 X 10° ft/#f, 1 = 20 miles, 

po =) 63.276 4 ,,/ft sina =.1/3 
(a=20°), g/g. = — 1. 
Thus = 0.0472. 


The rate QO should also be chosen 
to have an extreme value. This 
parameter was defined as Q= 
cul(1 + 2)q/kp, and is chosen to 
have a value of 0.01, corresponding 
to values of k/u = 0.133 ft*/# m-day 
and a mass rate of q = 35#,,/day- 
ft’, which is equivalent to a volumet- 
ric rate of withdrawal of 0.1 
B/D/sq ft. 

This value of g can be seen to be 
high from the following example: 
Suppose the 20-mile long aquifer to 
be 10 miles wide and 20 ft thick. If 
it is supplying water for displacing 
oil from a 30 million bbl reservoir, 
the total fluid delivered per day is 
0.1 B/D-ft? < 20 ft — 52,800 ft = 

105,600 B/D 

Depletion of all the oil in place at 
this rate would require less than a 
year. As will be seen from the solu- 
tion of the equations, if for this ex- 
ample the original reservoir pressure 
is 1,700 psi, and the porosity of the 
aquifer is 25 per cent, only about 0.2 
per cent of the water can be taken 
from the aquifer by the time the res- 
ervoir pressure falls to zero; this 
water can displace only 33 per cent 
of the in-place oil at a rate as high 
as O = 0.01. On the other hand, for 
a sufficiently low Q, enough water 
could be supplied by the aquifer to 
displace all the in-place oil with an 
average pressure drop of 1,700 psi 
in the aquifer. 


= 


’ 


SOLUTION OF THE 
DIFFERENCE EQUATIONS 


TILTED AQUIFER 

Using the values of Q and X as 
discussed in the preceding sections 
and a value of AX = 0.02, the Dif- 
ference Eqs. 10-21 were solved nu- 
merically by starting with the initial 
condition R;, = 0 and repeatedly 
solving the set of Eqs. 22 for a se- 


quence of 148 time steps, AOj, as 
follows: 50 steps at A© = 0.00001, 
22 at 0.00005, 14 at 0.0001, 24 at 
0.0005, 10 at 0.001, 20 at 0.005, 
and 8 at 0.01. The time steps were 
made small at the beginning of cal- 
culations to minimize truncation er- 
ror in the approximation of the time 
derivative in Eq. 19. The size of the 
step was then progressively increased 
as the rate of change of the time 
derivative decreased’. 


The computations were carried 
out using eight-digit floating decimal 
arithmetic. After each solution of 
Eq. 22 the integrand of Eq. 23 was 
approximated, using Simpson’s rule, 
and compared with the correspond- 
ing value of QO,. After 6, reached 
0.01, the agreement was always bet- 
ter than 0.2 per cent, and above 0, 
= 0.05, agreement was within better 
than 0.1 per cent. 


Numerical values of typical solu- 
tions, R;,, are given in Table 1 for 
three values of 9,: 0.05, 0.1, and 
0.205. This latter value of ©, was 
approximately the time at which the 
producing end of the tilted aquifer 
shown in Fig. 1 had fallen to at- 
mospheric pressure. 


SOLUTION FOR THE 
HORIZONTAL AQUIFER 


The solution of Eq. 17 with the 
boundary conditions of Eq. 18 is 
given in the literature’ as 

| 


W(X,8) =O+ 


j 
cosjrX. (24) 


J 

As will be discussed in the next sec- 
tion, values of W,,, ic. W(X,8,), 
will be needed for comparison of pres- 
sures predicted by the two methods. 
These values of W can be obtained 
by choosing X; = (i- %)AX,O< 
0.02 as before, and a set of ©,, and 
evaluating the series of Eq. 24 for 
each (X;,0,) at which the predic- 
tions are to be compared. However, 
it is also possible to obtain approxi- 
mate values of the solytions of Eqs. 
17 and 18 by numerical methods 
similar to those which lead to the 
solutions of Eqs. 15 and 16. The 
choice of the method of arriving at 
a set W,,,, is a matter of convenience. 
For the solutions to be considered in 
the comparisons which follow, the 
calculations were made by evaluating 
Eq. 2 at early time in order to get 
starting values of the solution, and 
then proceeding numerically to the 
desired time ©,. Numerical values 
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of the solution W(X;,0,) for 9, 
= 0.05, 0.10, and 0.205 are also 
given in Table 1. 


COMPARISON OF SOLUTIONS 


From the definition of R = 1 — 
p/p; and Eq. 2, the pressure, p 
(X,0,), from the solution of Eq. 15 
becomes 


The value of p, of 16,340 psig cor- 
responds to p, of 63.276 #m/ft’ and 
reservoir temperature which is as- 


The value of p,, depends on the level 
at which the horizontal reservoir is 
assumed to lie. Also the value of 
QO, which corresponds to production 
rate q depends on p,,. It will be re- 


called that Q, = culg/kp,, so that 


The value of p,,, the initial density 


of the horizontal reservoir is related 
to the value of p, and the position 
X, of the intersection of the horizon- 
tal and tilted aquifers. From Eq. 7. 


Pe 
sumed to be 200°F. These values Pag POG, 0) TE Ax’ 
were chosen to correspond to the é 
depth of the closed end of the tilted so that 
aquifer shown in Fig. 1. A plot of een ec ve 
Pin for 8, = 0.205 is shown in (27) 
Fig. 3. aad 
From the definition of R, = QW, 
for the horizontal reservoir Pry Do 
1 AG, 
Pu, Pr, + log (1 2) 1 OW...» 
—lo 
TABLE 1 — NUMERICAL VALUES OF TYPICAL SOLUTIONS Ri, n 
@ = 0.050 © = 0.100 @ = 0.205 
R we R R 
0 .00000514 .00027000 :00009028 .00834280 .00066795 06602053 
1 .00000514 .00027000 .00009021 00834280 .00066739 06602053 
2 .00000531 .00028400 .00009130 .00845967 .00066970 .06631175 
3 .00000566 .00031200 .00009356 (00869432 :00067490 106689462 
4 .00000620 .00035700 .00009701 .00904860 .00068299 .06776999 
5 .00000694 .00041 400 .00010167 00952526 .00069397 .06893912 
6 .00000790 .00049300 .00010758 '01012798 :00070787 :07040370 
7 .00000911 .00059300 .00011478 (01086135 .00072469 107216582 
8 -00001059 ,00071700 .00012332 .01173086 .00074448 .07422796 
9 .00001239 .00087100 .00013327 101274292 .00076724 .07659302 
10 .00001455 00104800 00014469 (01390482 .00079301 .07926426 
1 .00001712 00128400 .00015767 (01522476 .00082183 .08224531 
12 00002015 00155400 .00017228 .01671180 .00085374 108554016 
13 .00002373 .00187500 .00018863 -01837586 .00088877 .08915312 
14 .00002792 .00226300 .00020682 102022775 00092697 .09308886 
15 .00003281 .00271800 .00022696 .02227907 .00096839 109735233 
16 .00003851 .00325300 00024918 102454226 .00101308 .10194875 
17 .00004512 .00388900 .00027359 .02703054 :00106110 .10688364 
18 .00005278 .00472300 .00030035 .02975788 .00111249 11216274 
19 00006162 .00548200 .00032958 103273899 .00116732 11779203 
20 -00007180 00648200 .00036145 03598926 100122565 .12377767 
21 .00008349 .00764500 .00039610 103952476 .00128754 .13012602 
22 .00009687 .00897100 .00043371 04336211 .00135306 .13684357 
23 :00011216 .01050300 100047444 104751854 .00142226 .14393694 
24 .00012957 .01226000 00051846 (05201175 .00149522 (15141285 
25 .00014934 .01426100 .00056596 .05685988 .00157200 .15927811 
26 -00017175 101654100 .00061712 :06208145 :00165267 16753955 
27 .00019706 .01912400 .00067213 .06769530 .00173730 .17620402 
28 .00022557 .02203900 .00073117 '07372049 [00182595 -18527840 
29 .00025760 .02532300 .00079444 :08017623 :00191869 19476949 
30 .00029348 .02900100 .00086212 .08708182 .00201558 .20468406 
31 .00033356 .03312600 00093442 109445654 .00211670 121502877 
32 .00037819 .03771800 .00101152 10231958 .00222210 22581016 
33 .00042776 .04281700 .00109362 11068993 .00233186 .23703466 
34 .00048264 .04846500 .00118090 11958632 .00244602 .24870852 
35 .00054323 .05469900 .00127354 -12902710 100256464 .26083779 
36 .00060992 106155600 .00137172 13903015 .00268780 .27342830 
37 .00068312 .06907700 .00147563 14961279 .00281553 .28648565 
38 .00076322 .00730700 .00158542 .16079168 00294789 .30001518 
39 .00085060 .08625800 .00170126 17258275 .00308492 .31402194 
40 100094566 .09599000 .00182329 -18500110 .00322668 .32851068 
41 .00104875 10654400 .00195167 .19806089 .00337321 .34348581 
42 .00116023 11791900 .00208651 .21177528 .00352454 135895142 
43 .00128042 .13012900 100222794 22615638 .00368070 37491123 
44 .00140962 .14332000 .00237607 .24121514 .00384174 .39136859 
45 .00154812 .15742700 .00253100 .25696126 .00400766 40832645 
46 .00169613 .17246400 .00269280 .27340320 .00417851 42578738 
47 .00185388 .18846900 .00286156 .29054808 .00435429 44375352 
48 .00202151 .20546200 .00303730 .30840) 66 100453502 46222660 
49 .00219916 .22345300 .00322009 132696829 .00472070 48120793 
50 .00238691 .24244000 .00340994 134625087 .00491135 .50069838 
51 .00258479 .26244000 .00360687 .36625087 .00510696 .52069838 
Sr = 0.00050037 0.00100059 0.00205095 
Sw = 0.05000061 0.10000093 0.20500101 
*Wi,n for On = 0.05 were calculated from (24). 
Sr (1 +) Six 
1 
Sw Wdx 
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Surfoce 


X,=0,0 Subsurface depth =39,000 


Xe! 
Fic. 1 — SLoPING AQUIFER AND AS- 
SOCIATED HORIZONTAL AQUIFERS. 


Plots of pu, ., also for 8, = 0.205 are 


shown in Fig. 3 for depths corre- 
sponding to X; = 0.0, 0.5, 0.75, and 
£0: 

We may now test the approximate 
method from Eq. 11 which corrects 


P» by 


where u is the pressure predicted by 
the approximation for the tilted 
aquifer. To test u, the difference 
Vin = — Pim May de studied. 
This. difference is the error in the 
solution given by the approximation 
Eq. 29. Subtracting Eq. 25 from 29 
gives 
1 + AX; 
( ow... 

The values of y;,, are plotted 
against X, in Fig. 4a, 4b, and 4c for 
the four values of X;: 0, 0.5, 0.75, 
and 1.0, for the three values of 9,: 
0.05, 0.10, and 0.205. It is of interest 
to note that the magnitude of the 
error in pressure prediction is strong- 
ly dependent on the vertical position 
of the horizontal datum used for the 
approximation. In this particular 
case, an X, between 0.5 and 0.75 
appears to be an optimum choice. 
The value of X; = 0.5 was the best 
choice tested and yielded a pressure 
prediction at most 8.2 psi in error. 

In the approximation of Eq. 29 
the errors as plotted in Fig. 4 are 
found to be astonishingly small, for 
this correction is patently crude for 
at least two reasons: (1) the pres- 
sure correction at any point is in- 
variant in time; thus the decrease in 
average density with depletion is ig- 
nored; and (2) no consideration is 
given to changes in density with 
position that result from the pressure 
drop due to flow. 


To improve Eq. 29 to include a 


correction for the average density 
decrease during depletion is a rela- 


(30) 
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bd 
Subsurface depth =3,000 ft, 
X-0 + 
X-0.75 
X 20.5 
X=0 
+ 


Fic. 2 — GEOMETRY OF HEAD Cor- 
RECTION. 


tively simple matter. Instead of using 
the correction of Eq. 11 for Ap,, if 
ps iS replared by p,(1 — QO), the 
head correction should decrease lin- 
early with the average density. This 
changes the approximation such that 
the error becomes. 


Win = 
i,n 


| 


1 Rea 


at =<) 00, 


1 


A plot of w;,, is shown for the four 
values of X; at 6, = 0.05, 0.10 and 
0.205 in Figs. Sa, Sb, and Sc. Quite 
surprisingly, the errors from this 
more elaborate correction are worse 
than those for Eq. 29. 


It is possible to make a more re- 
fined hydrostatic pressure correction 
to give proper weight to the density 
variations due to the pressure grad- 
ient in the flowing liquid. From Eq. 


. l 
2 and the relation dpy = es dH, 


dp _ clg sina 
p 
Integration between limits as shown 


pdx. 


Pn Po 
where at the depth corresponding to 
position, X, p* is the density of a 
static column which has a density, 
pr, at the depth of the horizontal 
datum corresponding to position, X. 
The error in the approximate solu- 
tion using this correction for pres- 
sure is 


(32) 


= — log 
1+ AX, 
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The error, s;,, computed by Eq. 33 
is shown plotted in Figs, 6a, 6b, and 
6c for the four values of X;, again 
for 6, = 0.05, 0.1, and 0.205. 

This refinement is superior to that 
which led to the errors shown in 
Fig. 5. However, the elaborate 
scheme leading to Eq. 33 is not a 
great deal better than the one based 
on the crude assumptions for the 
simple approximation of Eq. 29. The 
method of Eq. 33 further seems to 
require a more careful choice of X, 
to produce as good predictions as 
does Eq. 29 inasmuch as the magni- 
tude of the spread of the curves in 
Fig. 6 is about twice that in Fig. 4. 


CONCLUSIONS 


It has been possible by numerical 
methods to calculate the pressure dis- 
tribution during depletion of an in- 
clined aquifer, taking into account 
the gravitational potential. Several 
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Fic. 3— PRESSURE DISTRIBUTIONS 
IN TILTED AND HORIZONTAL RESER- 
VOIRS. 


approximate solutions of this same 
physical problem have been studied. 
These are based on the commonly 
used principle of adding hydrostatic 
head corrections to the pressure dis- 
tributions computed for an associated 
horizontal aquifer, the distributions 
for which may be computed by 
means of any one of a number of 
readily available methods. 


ERROR IN PREDICTION, y, PSI 
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Fic. 4 — Error, y, IN First METHOD OF PREDICTION. 
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Fic. 6 — Error, s, IN THIRD METHOD OF PREDICTION. 


\ 
yields 
Fic. 5 — ERRorR, w, IN SECOND METHOD OF 
) 


Although the physical example for 
study was chosen to magnify ex- 
pected errors in the approximations, 
for this case the errors produced by 
all of the corrective procedures con- 
sidered were small. Further, for this 
example one of the procedures, ac- 
tually the simplest examined, appears 
to be somewhat superior to the 
others. 


Finally, one characteristic common 
to all the approximations appears. 
This is the tendency for the error to 
be minimized by proper choice of the 
datum of the horizontal aquifer with 
respect to the inclined one. For the 
examples studied here, the optimum 
choice for the datum is clearly be- 
tween the midpoint and a point 
three-fourths of the way up the in- 
clined aquifer. Whether or not this 
is an invariant property of such ap- 
proximations cannot yet be assured. 

It must, however, be concluded 
that the underlying principle of ob- 
taining approximate solutions as it 
has been studied here appears sound, 
for it yields results well within engi- 
neering accuracy. It seems, there- 
fore, that with due care for the pos- 
sible size of errors that may arise, 
and with attention to choice of the 
horizontal datum, so as to minimize 
these errors, approximations such as 
the ones discussed here may be used 
with confidence to obtain results suit- 
able for most engineering purposes. 


NOMENCLATURE 


c Compressibility factor, in’/#f 
g Acceleration due to gravity, 
length/(time)’* 
g. Dimensional constant, mass- 
length/force-(time)’ 
i Distance index 
j Summation index 
k Permeability, consistent units 
1 Length of aquifer 
m Mass of water in aquifer 
p Pressure, force per unit area 
q Mass rate of production per unit 
area 
s Error in prediction defined by 
Eq. 33, #f/in’ 
u Pressure approximated by Eq. 
29, #f/in’ 
v Velocity of flow 


w Error in prediction defined by 
Eq. 31, #f/in’ 
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x Distance from closed end of res- 
ervoir 

y Error in prediction defined by 
Eq. 30, #f/in’ 

z Pressure approximated by Eq. 
13 

H Dimensionless height 

Q Dimensionless production rate 

R Variable used for solution of 
flow equations (1 — p/ps) 

S Simpson’s rule approximation of 
material balance integral 

W Variable used for solution of 
flow equations (1 — 


h 
X Dimensionless distance 
a Angle of dip 
Porosity 
— cglp, sin a 
8c 
p. Viscosity, consistent units 
p Density, mass per unit volume 
Time 
© Dimensionless time 
SUBSCRIPTS 
, Average 
» Horizontal 
; Distance index 
Maximum i 
Time index 
> Initial condition 
; Static condition 
Distance 
n Used with Ap, the pressure dif- 
ference due to a column of 
water of height 1/1 
, Used with X to denote point of 
intersection of inclined aquifer 
with horizontal datum 
nr Pertains to solution for tilted 
aquifer 
w Pertains to solution for horizon- 
tal aquifer 


Constant = 


SUPERSCRIPT 

*Used with p to specify the point 
density ata static column of water 
having density p, at X; 


NOTE 


Only those symbols which appear 
in dimensional equations have been 
given units here. All other quantities 
may be assigned in any consistent set 
of units. The symbols #f and #m 
are used to distinguish between force 
pounds and mass pounds. 
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A LIGHTWEIGHT, LOW WATER-LOSS, OIL-EMULSION 
CEMENT for USE in OIL WELLS 


ABSTRACT 


In recent years, oil well cement- 
ing compositions have been devel- 
oped with low densities, controlled 
set strengths, and satisfactory thick- 
ening times. With the introduction of 
the permanent-type well completion 
method for cementing wells, another 
property—that of rate of filtration or 
water loss to permeable formations— 
has become important. Laboratory 
data show that cement slurries pre- 
pared with oil, water, bentonite, and 
calcium. lignosulfonate possess satis- 
factory thickening times, strengths, 
and filtration properties for primary 
cementing of casing and for squeeze 
cementing with the permanent-type 
well completion technique. 

Cementing compositions have been 
prepared with oil-in-water emulsions 
varying in composition from 60 cc 
water and 20 cc oil per 100 gm ce- 
ment to 90 cc water and 45 cc oil 


Original manuscript received in Petroleum 
Branch office on Aug. 10, 1955. Revised man- 
uscript received Feb. 28, 1956. Paper pre- 
sented at Southern California Petroleum Sec- 
tion Fall Meeting in Los Angeles, Oct. 20-21, 
1955. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
cussion offered after Dec. 31, 1956, should be 
in the form of a new paper. 
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per 100 gm cement. These composi- 
tions have contained from 0.4 to 5.0 
per cent calcium lignosulfonate by 
weight of dry cement. Slurries pre- 


pared from these compositions weigh | 


11.4 to 13.1 lb/gal and have filtra- 
tion rates of from 10 cc to approxi- 
mately 100°cc in 30-min API tests at 
room temperature. The _ unfiltered 
emulsion cements develop one-day 
tensile strengths of 60 to 220 psi; and 
the filtered mass sets to tensile 
strengths of 60 to 150 psi in 12 
hours and develops strengths of 320 
to 515 psi in seven days when cured 

Field experience gained from 13 
field mixing jobs demonstrates the 
utility of the emulsion cement for 
permanent-type squeeze cementing 
operations. 


INTRODUCTION 


In recent years, research in oil 
well cementing composition has been 
directed toward the development of 
cements having low densities, con- 
trolled set strengths, satisfactory 
thickening times, and low rates of 
water loss by filtration. Two well 
cementing compositions that have 
been developed with these properties 
are the modified cements containing, 
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respectively, 12 and 25 per cent ben- 
tonite clay and various concentra- 
tions of calcium lignosulfonate”’. 
In a search for other ways to in- 
corporate these characteristics in a 
cementing composition, considera- 
tion was given to the rheological 
properties of oil-emulsion drilling 
fluids. Many of the desirable prop- 
erties observed in oil-emulsion drill- 
ing fluids are equally advantageous 
in a cementing composition. For ex- 
ample, low water loss by filtration 
and low density, which are inherent 
characteristics of these oil-in-water 
emulsions, are desirable for many oil 
well cementing operations. Further- 
more, oil-emulsion slurries have lu- 
bricating properties similar to those 
of oil-emulsion muds, a factor which 
should provide ease of rotation of 
casing during primary cementing op- 
erations. The properties of lubrica- 
tion and low filtration may be of spe- 
cial value in both primary and 
squeeze cementing operations en- 
countered in slim-hole drilling. 
Studies in the preparation of oil 
emulsion systems have pointed out 
the need for violent agitation in or- 
der to disperse the oil into the water 
phase.” * It was thought, therefore, 


1References given at end of paper. 
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that the conventional cement mixing 
equipment might not provide the 
agitation required for the proper 
mixing of oil-emulsion slurries and, 
consequently, that this might be a 
deterrent to the use of oil-emulsion 
cement compositions in cementing 
casing. 

With the advent of the small 
latch-type cement mixer used in per- 
ulanent-type completion opera- 
lions” *’, equipment suitable for the 
field mixing of oil-emulsion cement 
slurries was made available. This, in 
turn, stimulated the development of 
an oil-emulsion composition for use 
in squeeze cementing with the per- 
manent-type completion technique. 


The purpose of this report is to 
present laboratory data on the prop- 
erties and characteristics of emulsion 
cements and to review briefly the 
field experience to date. 


LABORATORY DEVELOPMENT 
OF COMPOSITIONS 


The results of initial laboratory 
tests showed that a stable, oil-emul- 
sion cement slurry, having proper- 
ties similar to those of modified ce- 
ments, could be prepared by mixing 
together with vigorous agitation 
water, oil, emulsifying agent, and ce- 
ment. It was also found advantage- 
ous to add a small percentage of 
bentonite clay to aid in lowering the 
water loss and to improve the slurry 
properties. The oil used in all tests 
was kerosene, having a viscosity of 
less than 40 cp at 100° F. Obvious- 
ly, other hydrocarbon mixtures 
might serve as the oil phase. 


Many commercial emulsifying 
agents were tested for their ability 
to form stable emulsion cement slur- 
ries. Of the many agents tested, cal- 
cium lignosulfonate was selected as 
the most promising for this applica- 
tion, since it performed the dual 
function of stabilizing the oil-in- 
water emulsion and controlling the 
pumpability or thickening time of 
the slurry. 

It was observed in the early lab- 
oratory tests that noticeable gel 
strength developed in the oil-emul- 
sion cement slurries after they re- 
mained quiescent for a period of 
time. An anionic wetting agent was 
found to alleviate the development 
of excessive gel strength. However, 
when the oil-emulsion cement slur- 
ries were prepared in the field by 
use Of small volume batch mixers, 
gel strength development was not 
found to be a problem, and the use 
of the anionic agent was discon- 
tinued. 
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Properties of the oil-emulsion ce- 
ments containing various amounts of 
water, portland cement, oil benton- 
ite, and calcium lignosulfonate are 
discussed in the following sections. 


FILTRATION PROPERTIES 


The rate at which a cement slurry 
will lose its fluid content when sub- 
jected to a pressure differential 
across a permeable filter medium is 
an important property when used in 
permanent-type well squeeze ce- 
menting operations””’. In order to 
squeeze cement with the extension 
pipe placed in or through a perfor- 
ated section of casing, it is neces- 
sary to use a relatively low water- 
loss slurry to prevent excessive de- 
position of solids around the exten- 
sion pipe and to assure easy removal 
of excess slurry by reverse circula- 
tion. 

A conventional API low-pressure 


“mud tester was used to explore the 


variables which influence the filtra- 
tion rates of oil-emulsion slurries. 
Investigations were made to deter- 
mine the effect of composition, tem- 
perature, and method of mixing on 
the water-loss properties of the slur- 
ries. These results are discussed be- 
low. 


EFFECT OF COMPOSITION 
AND TEMPERATURE 

To determine the effect of oil 
content on filtration of oil-emulsion 
cement slurries, tests were made on 
compositions containing 80 and 90 
cc of water, respectively, per 100 gm 
of cement, and which contained va- 
rious amounts of kerosene. The re- 
sults of these tests are shown in 
Table 1. These data demonstrate 
that, within the range of compositions 
investigated, increase of kerosene 
content resulted in decreased filtra- 
tion. The compositions which con- 
tained 90 cc of water exhibited gen- 


TABLE 1—EFFECT OF OIL CONTENT ON FILTRA- 
TION PROPERTIES OF OIL-EMULSION CEMENT 
SLURRIES? 2 
(Test Temperature — 75°F) 

Composition of 
Emulsion Cement 


Slurries Slurry 

Liquid to Cement Density: 30 min. API 

Ratio: cc/100 gm Ib/gal Water Loss: 
Water Kerosene (Calc.) cc 

80 20 1255) 81 

80 30 12.0 66 

80 40 11.7 49 

90 20 12.2 107* 

90 30 11.8 70* 

90 1 58* 


45 11.4 
*Extrapolated 30 min. values. 


(1) All slurries prepared with normal portland ce- 
ment containing 2 per cent bentonite and 0.8 
per cent calcium lignosulfonate by weight dry 
cement. 

(2) Method of preparing slurries: Y2 to 2/3 volume 
of oil added to mix water, bentonite and cal- 
cium lignosulfonate and emulsified. After the 
addition of dry cement to the emulsion, the 
remainder of the oil was stirred into the slurry 
with vigorous agitation. 


erally greater water loss than those 
which contained 80 cc. 


The addition of a small amount of 
bentonite clay proved to be bene- 
ficial in stabilizing the emulsion 
slurry and in reducing the filtration 
rate. However, if it is necessary or 
desirable to prepare oil-emulsion 
compositions without bentonite clay, 
slurries with reasonably low filtration 
rates may still be obtained. Data 
shown in Table 2 indicate that 2 
per cent bentonite clay definitely im- 
proved the filtration characteristics 
of the emulsion slurries and was 
more effective than increasing the oil 
concentration. For this reason, 2 per 
cent bentonite was added to all sub- 
sequent oil-emulsion slurries which 
have been investigated. 


The amount of calcium lignosul- 
fonate also was found to influence 
the rate of filtration of oil-emulsion 
slurries. This effect is depicted in 
Fig. 1. As shown in this figure, the 
30-min API water-loss decreased 
from 60 cc to 10 cc when the cal- 
cium lignosulfonate content was in- 
creased from 0.5 to 5.0 per cent by 
weight of dry cement. 

The effect of temperature on fil- 
tration properties of oil-emulsion 
slurries containing various quan- 
tities of water and oil is shown in 
Fig. 2. The 30-min API filtration 


TABLE 2 — EFFECT OF BENTONITE ON FILTRA- 
TION PROPERTIES OF OIL-EMULSION CEMENT 
SLURRIES?: 2 

Composition of 

Emulsion Cement 

__ Slurries Bentonite 30 min. 
Liquid to Cement Added:% API 
Ration: cc/100 gm by Wt. Water 


Water Kerosene Cement  Loss:cc Remarks 
90 30 0 102 
90 30 2 49 
90 30 4 4l High gel 
strength 
90 45 0 71 
90 45 2 43 


(1) All slurries prepared with normal portland ce- 
ment containing 0.8 per cent calcium lig- 
nosulfonate by weight dry cement. 

(2) Method of Preparing Slurries: 2/3 volume of 
oil added to mix water, bentonite and cal- 
cium lignosulfonate and emulsified. After the 
addition of dry cement to the emulsion, the 
remainder of the oil was stirred into the slurry 
with vigorous agitation. 
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Fic. 1— EFFECT oF CaLciumM Lic- 
NOSULFONATE CONTENT ON WATER 
Loss oF 80-30 Om-EMULSION CE- 
MENT SLURRIES. 
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Fic. 2—EFFECT OF TEMPERATURE 
ON FILTRATION RATE OF O1IL-EMUL- 
SION CEMENT SLURRIES. 


loss increased only gradually from 
an average of about 60 cc for all 
compositions to an average of about 
110 ce as the test temperature was 
raised from 75 to 180° F. At 200° 
F, the filtration rate increased 
markedly, especially for the slurries 
containing lesser amounts of oil. It 


~ was noted that at 200° F a small 


quantity of oil appeared on top of 
the filtrate, which suggested that 
some de-emulsification took place at 
this temperature. Nevertheless, the 
rates of water loss were not exces- 
sive for the 80-30 and 90-30 emul- 
sion slurries. 

It should be emphasized that all 
the compositions shown in Fig. 2 
contained the same concentration of 
calcium lignosulfonate. This concen- 
tration was that necessary to retard 
the set of the slurry for a squeeze 
- temperature of approximately 180° 
F. When the quantity of calcium lig- 
nosulfonate was varied to provide 
the same thickening time at all tem- 
peratures employed, more realistic 
values of the filtration characteris- 
tics of oil-emulsion slurries in 
squeeze cementing were obtained. 
The combined effects of variation of 
the calcium lignosulfonate concen- 
tration, together with that of the 
temperature, are shown in Table 3. 
These values reflect the filtration be- 
havior of the oil-emulsion slurry 
when squeezed against formations 
having temperatures corresponding 
to the test temperatures. As _ illus- 


trated by these data, the water loss 
increased slightly at a temperature 
of 200° F and then decreased at 
higher temperatures. In fact, the low- 
est filtration rate was observed at a 
temperature of 240° F, which nor- 
mally corresponds to the tempera- 
ture at which the highest rate is ob- 
served for other cements. 


EFFECT OF METHOD OF MIXING 


A Waring blendor was used to 
prepare the small batch mixes of 
emulsion compositions used in the 
laboratory tests. This mixer gives the 
vigorous agitation at high shear rates. 
which is required for the proper 
emulsification of oil and water. 


In the laboratory, the method of 
adding and mixing the emulsion 
components affected to some extent 
the filtration properties of the slur- 
ries. For example, the filtration rates 
of the slurries were usually lower 
when the oil was emulsified into the 
water prior to the addition of the 
cement. These lower filtration rates 
were probably due to better emulsi- 
fication of the oil in the water in 
absence of the cement particles. 

Subsequent work in the field 
showed that the water loss of the 
slurries mixed in the laboratory and 
in the field agreed surprisingly well 
if, in the laboratory, the oil was 
emulsified into the water prior to the 
addition of the cement. 


PUMPABILITY TIME 
—PRIMARY CEMENTING 


A satisfactory well cementing 
composition must retain its fluidity 
long enough to be mixed and 
pumped into place. The thickening 
times of several oil-emulsion cement 
slurry compositions, as determined 
in the Stanolind-type pressure. thick- 
ening time tester according to the 
procedure outlined in API RP-10B, 
are presented in Table 4. These data 
indicate that oil-emulsion slurries 


have suitable thickening times for 
primary casing cementing of wells. 


SQUEEZE CEMENTING 


Oil-emulsion cement slurries can 
be very useful in permanent-type 
well completion work. For this use, 
the slurry must remain pumpable 
long enough for placement in the 
well and for removal of an excess 
slurry by reverse circulation. This 
property was evaluated in the lab- 
oratory by use of the pressure thick- 
ening time tester, wherein tempera- 
tures and pressures were applied to 
the cementing composition. In or- 
der to simulate permanent-type 
squeeze cementing operations, thick- 
ening time tests were made by in- 
creasing the temperature of the com- 
positions from room temperature to 
test temperature within approximate- 
ly 30 minutes. Pressure was in- 
creased as the temperature increased, 
with the final pressure being reached 
at approximately 30 minutes. Data 
obtained under these test conditions 
are presented in Fig. 3. 

These data show thickening times 
for emulsion slurries composed of 
80 to 90 cc of water and 20 to 45 
cc of oil per 100 gm of cement, 
with various concentrations of cal- 
cium lignosulfonate. In oil-emulsion 
slurries, the calcium lignosulfonate 
performs the dual purposes of emul- 
sification and retardation. By varia- 
tion of concentration of calcium lig- 
nosulfonate from 0.4 to 5.0 per cent, 
based on weight of cement, pumpa- 
bility times of 212 hours or longer 
were obtained for test temperatures 
of 100° F to 240° F. Thickening 
times of 2% hours usually afford 
sufficient time for the completion of 
permanent-type squeeze jobs. 

At temperatures higher than 175° 
F, the concentrations of calcium lig- 
nosulfonate required to stabilize the 
emulsion slurries and give 242 hours 
of pumpability time increased very 
sharply. Fig. 4 depicts the concen- 


TABLE 4 — THICKENING TIMES OF EMULSION CEMENT SLURRIES FOR PRIMARY WELL CEMENTING 


Oil-Emulsion Cement Composition 


Dry Material: Liquid to Cement 
TABLE 3 — EFFECT OF Gm/100 gm semen! Ratio: cc/100 gm 
OF 80- E alcium 
MENT SLURRIES? Bentonite Lignosulfonate Water Oil? Schedule No. Hours Minutes 
H i 30 8 3 0 
Test Calcium Ligno- 0 0.4 60 
Temperature sulfonate: 30 min. API 4 0.4 70 2 
°F % by Wt. Cmt. Water Loss: cc 2 
4 0.4 70 20 8 45 
iz, 3 73 4 0.6 70 20 8 4 30 
4 0.8 70 20 9 2 20 
200 a we (1) Tested in accordance with well-simulated casing cementing jobs as per API RP-10B 
40 Maximum Pressure: 
: : Ft, Maxi Temp.: °F psi 
(1) Slurries prepared with normal portland cement Schedule No. Test Bepine Senha a 
containing 2 per cent bentonite by weight of 4 es ta eaaG 
cement, and 80 cc water and 30 cc of kero- Y eas ee 10.227 
sene per 100 gm cement. 74/000 206 13/386 
(2) Concentration of calcium lignosulfonate 2 16.144 
quired to provide 21/2 hours or longer o 


thickening time at the test temperature. 
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Bentonite added: 2% 
Woter and Oil, respectively: cc/100 gms. cement 
© 90-45 X 90-20 
90-30 © 80-30 
@ 80-20 
Note: 
Figures on curves denote per cent 


Calcium Lignosulfonate added. 
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Thickening Time: Hours 


0 
100 120 140 160 180 200 220 240 


Test Temperature: °F 
Fic. 3—EFFECT OF TEMPERATURE 
ON THICKENING TIME OF EMULSION 
CEMENTS. 
(UNDER SIMULATED SQUEEZE-CE- 
MENTING CONDITIONS) 


trations of calcium lignosulfonate 
required for the higher temperature 
ranges. 


TENSILE STRENGTH 
PRIMARY CEMENTING OPERATIONS 


The tensile strengths of emulsion 
cements representative of the cement 
remaining in the well after a pri- 
mary cementing job are presented in 
Table 5. These slurries were pre- 
pared by mixing dry cement with 
emulsions of various water-to-oil 
ratios. It should be noted that the 
concentrations of calcium lignosul- 
fonate employed in these composi- 
tions were the amounts required to 
provide satisfactory thickening times 
for squeeze cementing jobs; these 
slurries were thus slightly over-re- 
tarded for primary cementing of 
casing at the same ambient bottom- 
hole temperatures. 

One-day tensile strengths of 100 
psi are usually considered to be sat- 
isfactory for well cementing pur- 
poses, although limited laboratory 
data have indicated that tensile 
strengths of 50 psi or less are ade- 
quate”’. The data of Table 5 dem- 
onstrate that compositions may be 
chosen which will yield set cements 
having tensile strengths suitable by 
either criterion. 

The data shown in Table 5 indi- 
cate that, within the range of com- 
positions investigated, the tensile 
strength is a function of total liquid 
—oil plus water—in the slurry. This 
is illustrated by Figs. 5 and 6, which 
show the tensile strengths after one 
day of compositions cured under 
pressure at 125° F and 180° F, re- 
spectively. It is evident from these 
graphs that the upper limits of liquid 
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(UNDER SIMULATED SQUEEZE-CE- 
MENTING CONDITIONS ) 


content, i.e., water plus oil, which 
permit the attainment of one-day 
tensile strengths of at least 100 psi 
are 100 cc for the cement cured at 
125° F and 120 cc for the com- 
position cured at 180° F. 


SQUEEZE CEMENTING OPERATIONS 


To determine the tensile strengths 
of cement representative of that re- 
maining in the well after completion 
of a squeeze job, tests were made on 
both the unfiltered cement slurry and 
the filtered cement cake. The filtered 
cement cake may be assumed to sim- 
ulate that remaining inside perfora- 
tions. For tests on the filtered ce- 
ment, the slurry was poured over 
briquet molds placed in the bottom 
of a large filter chamber, and a dif- 
ferential pressure of 100 psi was ap- 
plied to cause deposition of cement 
cake in the molds. The specimens 
were then removed, placed in a pres- 


O 60 cc Woter/100 gms cement 
© 70 cc Water/100 gms cement 
LD 80 ce Woter/100 gms coment 
@ 90 ce Water/100 gms cement 
200 Note: 


0.4 of 0.5% Calcium Lignosulfonate 
O used in slurries, 2% Bentonite added, 


Tensile Strength: psi 


150 
100 
4 
nT) 90 100 110 120 130 140 


Volume Water and Oil/ 100 gms. Cement: ce 


Fic. 5—-EFFECT OF WATER AND OIL 
CONTENT ON ONE-Day TENSILE 
STRENGTHS OF UNFILTERED OIL- 
EMULSION CEMENTS CURED AT 
125°F ANpD 3,000 PstI. 


sure curing chamber under water, 
and the chamber was raised to the 
desired test temperature and pres- 
sure. For tests on the unfiltered ce- 
ment, the slurry was poured directly 
into briquet molds. 

In the deposition of the cement 
solids, it was observed that only 
water appeared in the filtrate, which 
indicated that the oil remained in the 
cement cake as discontinuous drop- 
lets. Since the oil droplets dilute the 
cementing materials in the cake, the 
strength of the deposited cement 
filter cake should be related to the 
amount of oil present in the cake, 
which, in turn, should be propor- 
tional to the concentration of oil 
used in making the oil-emulsion 
slurry. This is corroborated by the 
data presented in Fig. 7, in which 
one-day tensile strength of the cake 
is plotted against the volume of oil 
used in preparing the slurry. These 
data indicate that the strength de- 
veloped by the emulsion filter cake 
is inversely proportional to the 
amount of oil in the slurry, and that 
variation of the amount of water in 
the emulsion has little effect. As the 
oil content in the slurry was de- 


TABLE 5 -— TENSILE STRENGTHS OF UNFILTERED EMULSION CEMENTS 


Oil-Emulsion Cement Composition 


Dry Materials: Liquid to Cement 
Gm/100 gm Cement Ratio: cc/100 gm 


Tensile Strength: Ib/sq in. 


Cao Slurry Density: Cured at 125 °F Cured at 180 °F 
3,000 psi 3,000 psi 
Bentonite — fonate Water Oil (Calculated) 1 day 7 days 1 day 7 days 

2 0.4 60 20 13.1 163 

80 20 12.5 100 TOO 

80 30 110 125 

80 45 11.6 70 155 

90 45 90 115 

Note: 1Cured 14 days. 
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FIG. 6— EFFECT OF WATER AND OIL 
CONTENT ON ONE-DAy TENSILE 
STRENGTHS OF UNFILTERED OIL- 
EMULSION CEMENTS CURED AT 
180°F AND 3,000 PSI. 


creased from 45 to 20 cc per 100 
gm of cement, the one-day tensile 
strengths of the cement filter cake 
cured at 180° F increased from 190 
to 345 psi. Variations of the water- 
to-cement ratio from 80 to 90 cc per 
100 gm of cement had no significant 
effect on these strength values. 

Strength data on two oil-emulsion 
cement compositions containing two 
different concentrations of calcium 

lignosulfonate and cured at 125° 

and 180° F are presented in Figs. 8 
and 9. The filtered mass developed 
tensile strengths of 110 to 150 psi 
within 12 hours when cured at 125° 
F and from 150 to 245 psi when 
cured at 180° F. In seven days, the 
filtered mass had strengths of from 
320 to 500 psi. At 240° F, the fil- 
tered mass of the 80-30 emulsion ce- 
ment had a filtered strength of 100 
psi in 12 hours and 105 psi in 24 
hours. 

These data indicate that oil-emul- 
sion cement filter cakes develop sat- 
isfactory strengths within 12 hours 
after they have been deposited from 
emulsion cement slurries. 


SLURRY VOLUME AND DENSITY 

In the laboratory, volumes and 
weights are normally reported in 
cubic centimeters and grams, re- 
spectively. In the field, on the other 
hand, the volumes are measured in 
barrels or gallons, and cement 
weights are based on a sack of ce- 
ment weighing 94 Ib. Table 6 con- 
tains conversion factors for the con- 
version of the volumes of water and 
oil, in cc per 100 gm of cement, to 
the units customarily used in the 
field. The calculated slurry weight 
and the volume of slurry per sack of 
cement are also included. 
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FIELD USE OF OIL-EMULSION 
CEMENTS 


In order to determine the utility 
of oil-emulsion cements and to ap- 
praise the problems that might be 
connected with their usage, arrange- 
ments were made to conduct field 
trials in the squeeze cementing of 
wells. The first four tests were ex- 
perimental jobs designed only to 
study the mixing techniques and the 
properties of the field-mixed slurries. 
In addition to these initial tests, nine 
field jobs have been performed to 
date in which the perforations were 
squeeze cemented and the excess ce- 
ment slurry removed by reverse cir- 
culation. A discussion of the field 
mixing and performance of the ce- 
ment in squeeze cementing is in- 
cluded in the following two sections. 


RESUME OF FIELD MIXING 

Three methods were used to field 
mix emulsion cement slurries in or- 
der to evaluate their merits. In the 
first, the oil was added to the ce- 
ment slurry, and the emulsification 
was accomplished by circulating in 
the small volume mixer at 400 to 
700 psi pump pressure. In the sec- 
ond, an emulsion of the water and 


TABLE 6 — CALCULATION FACTORS FOR 
OIL-EMULSION CEMENTS 


Oil- 
Emulsion Mix Slurry — Slurry 
Cement Water: Oil: gal Vol.: bbl Density: 
Com- gals per persack persack Ib/gal 
position? sack cmt. cement? cement (Cal.) 
70-20 7.9 2.25 0.323 12.8 
80-20 9.0 2.25 0.356 12:5 — 
80-30 9.0 3.33 0.383 12.0 
90-20 10.2 0.377 1252, 
- 0.407 11.8 


0.442 11.4 


(2 per cent bentonite by weight of cement 
added to compositions) 

(1) Nomenclature of composition in Table 6 re- 
fers to cubic centimeters of water and oil used 
in emulsion per 100 gm of cement. To convert 
to’ gallons of fluids per sack divide the figures 
by 8.88, for example, 80-20 composition is 
9 gal water and 2.25 gal oil per sack cement. 
Kerosene or diesel motor fuel oil; kerosene 
preferred if available. 


(2 


oil, stabilized by bentonite and cal- 
cium lignosulfonate, was prepared; 
the dry cement then was added and 
mixed at high circulation rates. In 
the third, an oil-in-water emulsion 
was prepared with one-half to two- 
thirds of the volume of oil required 
in the final slurry, the dry cement 
was added and mixed; the remainder 
of the oil then was added while the 
slurry was vigorously agitated. 

In the first method, some difficulty 
was experienced in obtaining the 
proper degree of dispersion of the 
oil. The second method was pre- 
ferred from an operational stand- 
point in that the oil, water, and cal- 
cium lignosulfonate could be carried 
to the well site in the small batch 
mixer, which eliminated the handling 
of oil in separate drums. However, 
it was found that more flexibility in 
mixing the slurry was afforded by 
the third method wherein the addi- 
tion of oil controlled the: fluidity of 
the slurry. 


All three types of mixing, never- 
theless, provided stable oil-emulsion 
cements which were suitable for use 
in squeeze cementing wells. 


Bentonite added: 2% 
Calcium Lignosul fonate: 0.5% 


| Filtered 
Unfiltered 


Water: 80cc/100 grams Cement 
Curing Temperature: 125°F 
Curing Pressure: 3000 psi 


500 
400 a 
Qa 
20cc Oil per 100 gms. Cement 30cc Oil per 100 gms. Cement 2 
2 
7) 
168 hrs. 12 hrs 24 hes. 168 hrs. 
Curing Time: Hours 
Fic. 8—STRENGTH DEVELOPMENT OF FILTERED AND UNFILTERED 
EMULSION CEMENT SLURRIES. 
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Tensile Strength: psi 


24 hrs. 12 hrs. 24 hrs. 168 hrs. 
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Fic. 9—-STRENGTH DEVELOPMENT OF FILTERED AND UNFILTERED 
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RESUME OF FIELD RESULTS 


All of the squeeze cementing jobs 
were performed in the Gulf Coast 
area in wells with formation temper- 
atures ranging up to 210° F. The 
cement slurries were mixed and 
pumped down the well without diffi- 
culty. Approximately 9 bbl of slurry 
were prepared for each cement job, 
which required from 30 to 35 min- 
utes to mix, circulate in the closed 
system, and start pumping down the 
well. The densities of the slurries 
varied from 11.3 to 11.9 per gal, 
and the 30-min API water losses 
varied from 47 to 72 cc, depending 
upon the ratio of the oil-to-water 
used in preparing the slurries. 

All of the squeeze cement jobs 
were performed with the extension 
pipe positioned through the perfora- 
tions. The squeeze pressure varied 
from 1,800 to 2,200 psi. In each 
case, after a sustained or “locked-in” 
pressure had been attained and held 
for a period of time, the excess slur- 
ry was reverse circulated from the 
well without difficulty. Waiting-on- 
cement times after completion of the 
squeeze jobs varied from 12 to 24 
hours. 


104 


The emulsion cements gave satis- 
factory performance in all but two 
wells. In one of the unsatisfactory 
jobs, the cement filter cake was sub- 
jected to a high pressure differential 
too soon after the squeeze cement 
job and failed to hold. The cause of 
failure-in the other job was not de- 
termined; two previous squeeze jobs 
using other cement compositions, 
however, had also failed to seal off 
the perforated zone in this particular 
well. Even though these two cement 
jobs were unsatisfactory, the over-all 
performance of the  oil-emulsion 
compositions has been equal to or 
better than that experienced with the 
modified cements containing 12 and 
25 per cent bentonite. 


CONCLUSIONS 


1. Laboratory data show that oil- 
emulsion cement slurries prepared 
from portland cement, oil, water, 
bentonite, and calcium lignosulfo- 
nate are satisfactory for primary ce- 
menting operations. The emulsion 
slurries have low densities which can 
be varied over a wide range and set 
to hardened cements having satis- 
factory tensile strengths. 


2. Laboratory data show that oil- 
emulsion slurries are suitable for use 
in permanent-type squeeze cement- 
ing operations. The slurries have low 
filtration rates at room temperatures 
and these filtration rates are not ap- 
preciably increased by temperatures 
up to 240° F. Cement filter cakes 
deposited from oil-emulsion slurries 
develop tensile strengths sufficient to 
seal off perforations. 

3. Experience obtained by field 
mixing 13 oil-emulsion cement slur- 
ries and squeeze cementing nine 
wells has shown the utility of the 
cement for permanent-type squeeze 
cementing operations. The densities 
of the field mixed slurries varied 
from 11.3 to 12.2 lb/gal and 30-min 
API water losses ranged from 34 cc 
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Laboratory studies have indicated that displacement 
of oil from a reservoir by means of a condensing gas 
drive results in extremely high oil recovery, approach- 
ing 100 per cent under the most favorable circum- 
stances. A condensing gas drive is defined as a gas drive 
in which the gas utilized is appreciably soluble in the 
oil it is displacing. ‘ 

The laboratory studies consisted of a number of gas 
drive displacement experiments, all using a horizontal, 
sand-packed, steel tube as the laboratory reservoir. The 
experimental results indicate that the more soluble a 
gas is in the oil to be displaced, the more efficient that 
gas is as a displacing fluid. Experiments were conducted 
utilizing both a light, volatile crude and a heavy, as- 
phalt crude as the in-place oil. In both cases, oil recov- 
ery was appreciably enhanced by solubility of the dis- 
placing gas. 

It is believed that the use of condensing gas drives 
would result in increased oil recovery from many reser- 
voirs during either primary or secondary phases of 
production. 


INTRODUCTION 


Since the early days of the oil industry there has 
been an increasing awareness of the problems of oil 
recovery. During the last few decades particularly a 
growing recognition of the problems has led to wide- 
spread attempts on the part of the industry to increase 
oil recovery by improved technology. One method 
which has been used to increase recovery is the main- 
tenance of reservoir pressure by injection of gas. Part 
of the beneficial effect resulting from this gas injection 
was to prevent evolution of the gas dissolved in the 
reservoir oil, since such evolution would cause the oil 


Original manuscript received in Petroleum Branch office on July 
18, 1955. Revised manuscript received March 9, 1956. Paper pre- 
sented at Petroleum Branch Fall Meeting in New Orleans, Oct. 
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to shrink and become more viscous, thereby adversely 
affecting oil recovery. 


In most instances, the gas injected was predominantly 
methane, and so the possibility of oil recovery by retro- 
grade vaporization existed. Laboratory investigations of 
displacement of reservoir oils by methane, carried out 
at high pressure, have indicated that considerable ad- 
ditional recovery of light oils could be effected by 
vaporization, but only at the cost of a severe volumetric 
shrinkage of the residual oil which would cause a de- 
crease in relative permeability to oil in the reservoir. 
Consequently, recovery of oil by physical displacement 
would be impaired. The study suggested, therefore, that 
recovery of oil might be enhanced by injecting into the 
reservoir a gas known to be appreciably soluble in the 
oil at reservoir conditions. Swelling of the oil due to 
solution of gas should result and yield a consequent 
increase in the relative permeability to oil. The work 
described in the following sections was, therefore, un- 
dertaken to investigate the possibility of increased re- 
covery by this mechanism. 

Research similar to that reported in this paper has 
been conducted by The Atlantic Refining Co."** In 
these studies, Whorton, et al, and Slobod, et al, used 
methane-rich gas to displace oil from model reservoirs. 
Solubility of the gas was achieved by keeping the res- 
ervoir pressure greater than the saturation pressure of 
the original oil, and the degree of this solubility was 
varied by operating at different reservoir pressures. 
Thus the Atlantic project was primarily a study of the 
effect of reservoir pressure upon oil recovery by gas 
drive. The objective of the work reported in this paper 
was to study the effect of gas composition upon oil re- 
covery while holding the reservoir pressure constant. 


DESCRIPTION OF EXPERIMENTS 


The discussion of the preceding section suggests that 


1References given at end of paper. 
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a soluble gas may be more efficient in displacing oil 
than an equilibrium gas would be. In order to determine 
the effectiveness of such a condensing gas drive, two 
series of displacement experiments were carried out in 
the laboratory, the first using a light, volatile crude and 
the second a heavy, asphaltic crude as the in-place oil. 
In every instance the displacements were carried out 
at constant pressure and temperature, and in all but one 
case the conditions corresponded to the original pres- 
sure and temperature of the reservoir from which the 
in-place crude sample was taken. 

The laboratory reservoir which was used in these 
displacement experiments had a porosity of 38 per cent 
and a permeability of 9.5 darcys and consisted of a 
sand-packed steel tube 8 ft long with an_ internal 
diameter of 0.53 in. In preparation for each run, the 
reservoir was thoroughly cleaned and then charged 
with salt water at the desired displacement pressure. 
With the reservoir in a vertical position, a subsurface 
sample of oil was charged slowly into the reservoir 
through a valve at the top. A pressure greater than 
the saturation pressure of the crude was maintained 
on the system during the transfer. Water was bled 
from the bottom of the tube as oil was admitted at 
the top until the effluent contained no trace of water. 
The water left in place by this technique was approxi- 
mately 25 per cent of the void volume when charging 
the light crude, and 10 per cent when charging the 
heavy crude. 

Before the displacement was begun, the tube was 
placed in a horizontal position in order to minimize 
gravitational effects. The displacing fluid was injected 
into the tube by means of a mercury pump, and the 
produced fluids were permitted to escape through a 
manually operated throttling valve located on the down- 
stream end of the tube. In some cases the produced 
fluids were flashed to atmospheric pressure in a sep- 
aratory burette where the residual oil was collected. 
Periodically, the oil was drained from the burette, and 
its gravity determined. In other cases the produced 
fluids were totally condensed in a trap immersed in 
liquid nitrogen until a suitable sample had been ob- 
tained. The throttling valve was then closed and the 
condensed gas evolved by allowing the trap to heat to 
room temperature. The residual liquid volume was 
measured by observing its weight and determining its 
density. Regardless of whether a burette or a trap was 
used, the gas produced was metered by a wet-test 
gas meter. 

Each of the experiments was continued until oil pro- 
duction had virtually ceased, and in every case the final 
gas-oil ratio exceeded 25,000 std cu ft/bbl. 


EXPERIMENTS UTILIZING A LIGHT OIL 
THE CRUDE OIL 


The oil utilized in each of these experiments was a 
light crude with a stock tank gravity of 47.5° API. 
It was. taken from a reservoir which was at a pressure 
of 2,000 psig and a temperature of 128°F; the satura- 
tion pressure of the crude at this temperature was ap- 
proximately 950 psig. Other pertinent properties of this 
oil may be found in Table 1. 


DISPLACING GASES 


Since determining the influence of swelling on recov- 
ery of the reservoir oil was the initial objective of this 
work, one run was made with a gas that was in equi- 
librium with the oil displaced and thus would have no 
swelling effect. This run was then used as a basis in 
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evaluating the effect of swelling. The other gases utilized 
were a separator gas, a condensate gas, a composite 
gas, a propane-rich gas, and an ethane-rich gas. The 
separator gas was the gas phase formed when the con- 
densate gas, which was a naturally occurring reservoir 
fluid, was flashed to a pressure of 750 psig at a temper- 
ature of 74°F. The composite gas was a mixture of the 
condensate gas and casinghead gas from the light crude 
that was used as the in-place oil. The propane and 
ethane-rich gases were mixtures of separator gas with 
propane and ethane, respectively. The concentration of 
the propane in the propane-rich gas was selected so as 
to cause the same amount of swelling of the reservoir 
oil as that resulting from the use of the composite gas. 

The hydrocarbon analysis of all of these gases ex- 
cept the equilibrium gas, which was not analyzed,. are 
given in Table 2. 


SOLUBILITY OF GASES 


As already explained, it was felt that oil recovery in 
these experiments would be increased primarily by ef- 
fects associated with solution of gas. Therefore, the 
solubility at reservoir conditions of each of the dis- 
placing gases in the charged oil was measured. The 
results of the solubility and swelling tests are summar- 
ized in Table 3. 

It should be noted that the swelling data reported in 
Table 3 for the condensate gas were determined for a 
gas which exhibited a dew point at a pressure of 2,200 
psig and a temperature of 131°F. The composition of 
the gas that was used in the displacement experiments 
was the one shown in Table 2 labeled condensate gas, 
and was the gas phase resulting when the 2,200-psig 
dew-point gas was maitained at the disolacement pres- 
sure and temperature until equilibrium had been 
achieved. 


COMPOSITION OF SALT WATER 


One run was made utilizing as the displacing fluid 
salt water that had the same salinity as the connate 
water in the reservoir from which the charged crude 
oil was obtained. This corresponded to 52,000 ppm 
chloride, 30,200 ppm sodium, 2,170 ppm calcium, and 
810 ppm magnesium. 


DETERMINATION OF Gas BREAKTHROUGH 


Gas breakthrough was determined experimentally by 
observing the gas-oil ratio of the fluids being produced 
from the tube during a run. This ratio was compared 
to a previously determined gas-oil ratio of a portion of 
the charged oil that had been saturated at the dis- 
placement pressure of 2,000 psig with the displacing 


TABLE 1—PROPERTIES OF LIGHT O}L 
A. Hydrocarbon Analysis of Subsurface Oil Sample 


Density 

gm/cc Molecular 
Component So at 60°F Weight 
Methane 2 62 
Ethane 2.22 
Propane 5.93 
iso-butane 1.62 
N-butane 5.55 
lso-pentane 2.04 
N-pentane 3.18 
Hexanes 5.78 0.681 
Heptanes 7.00 0.723 ii 
Octanes 6.05 0.742 
Nonanes 5.56 0.763 130 
Heavier fraction 52.45 0.841 270 

Total 109.00 

Pentane-free fraction 134 


B. Viscosity at 2,000 psig and 128°F = 0.526co 

C. Atmospheric Flash Data : 
Gas-Oil Ratio at 60°... 
Residual Liquid Gravity at 60°F. 
Ratio of Residual Oil Volume at 60°F = ars 

to Initial Oil Volume at 950 psig and 128°F ee Eee O07 


D. Saturation Pressure = 950 psiy 
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gas used in the run. When the former ratio first ex- 
ceeded the latter, it was assumed that gas permeability 
had been established through the tube, and therefore 
that gas breakthrough had occurred. It should be noted 
that the gas-oil ratio of the produced fluids could un- 
dergo some change before gas breakthrough. 


CORRECTION APPLIED TO VOLUME OF 
OIL COLLECTED 


The condensate gas and the composite gas contained 
appreciable amounts of heavier hydrocarbons that 
would condense when flasited to atmospheric pressure. 
The liquid recoverabie from the condensate gas as 
determined by atmospheric flash amounted to 40.8 
bbl/MMef of separator gas. The richness of the com- 


posite gas, determined by the total condensation and 


partial revaporization technique already described, was 
74.6 bbl/MMcf. 


In the two experiments utilizing these gases, the total 
hydrocarbon liquid recovery obtained in the separator 
or trap following the initial increase in gas-oil ratio 
was derived from two sources—from the original oil 
charged and from the injected gas. In order to obtain 
the amount of originally charged oil produced in any 
time interval after gas breakthrough, it was necessary 
to make a correction for the quantity of liquid obtained 

_ from the latter source. To do this, it was assumed that 
the produced fluid consisted of a simple mixture of 
the original oil charged and the injected gas, and that 
both liquid and gas volumes derived from the two 
fluids upon flashing were additive. Then from the gas- 
oil ratios determined on the oil and gas before each 
run and from the volumes of liquid and gas produced 

- in an interval of time during the run, the volume of 

original oil produced was estimated. 


EXPERIMENTAL CONDITIONS a 

With the exception of the equilibrium gas run, this 
series of displacement experiments was conducted at 
a pressure of 2,000 psig and a temperature of 128°F, 
corresponding to the conditions existing in the reservoir 
_ from which the light oil samples were obtained. The 
equilibrium gas run was also carried out at a tem- 
perature of 128°F, but at a total pressure of 950 psig. 


RESULTS 


The data on the displacement experiments are pre- 
sented in Tables 4 and 5 and on Fig. 1. 


The run utilizing salt water as the displacing fluid 
resulted in an oil recovery of 52 per cent up to the 
point of initial water production, and 67 per cent by 
the time the total volume of injected water was 1.4 
times that of the oil originally charged to the tube. 

For the equilibrium gas run, an oil recovery of only 
27 per cent was obtained up to the point of initial gas 
breakthrough. Ultimate oil recovery was 41 per cent. 
In this run, the oil charged to the tube was in equi- 
librium with the gas displacing it, so that solution of 
the gas and consequent swelling of the oil did not oc- 
cur during the displacement procedure. This run there- 
fore.serves as a reference experiment for evaluation of 
the effect of gas condensation upon oil recovery during 
production of a laboratory reservoir by gas drive. 

Since the saturation pressure of the reservoir crude 
was 950 psig at 128°F, even the relatively lean separa- 
tor gas was appreciably soluble in it at the displace- 
ment pressure and temperature of 2,000 psig and 
128°F, respectively. The oil recovery at gas break- 
through with the separator gas as the displacing fluid 
was 57 per cent, as compared with only 27 per cent for 
the equilibrium gas. However, subsequent recovery was 
not very great, for further injection produced only 10 
per cent additional recovery. 


While the condensate gas was more soluble in the 
crude oil than was the separator gas, use of the for- 
mer gas as the displacing fluid gave only a slight in- 
crease in oil recovery at gas breakthrough, compared to 
use of the latter gas. However, recovery after break- 
through was substantially increased by use of the more 
soluble gas, with an ultimate oil recovery of 83 per cent 
being achieved, compared with 67 per cent for use of 
the less soluble separator gas. 


The composite gas was still more soluble in the 
charged oil than was the condensate gas, and its use 
produced even higher oil recovery. Recovery at gas 
breakthrough was 91 per cent. The first detectable 
change of the gas-oil ratio of the produced fluids oc- 
curred at 85 per cent recovery, and ultimate recovery 
was 94 per cent. An interesting aspect of this experi- 
ment, as well as the next two discussed below, is that 
a large fraction of the total oil recovered was obtained 
before any appreciable increase in gas-oil ratio of the 
produced fluids was evident. 

With the exception of the point at which the first 
change in the gas-oil ratio was detected (59 per cent 


TABLE 2 — HYDROCARBON ANALYSES OF GASES, LIGHT OIL EXPERIMENTS 


Analysis of: Separator Gas Condensate Gas Composite Gas Propane-Rich Gas Ethane-Rich Gas 
Component ol. % a1. 9 ol. % Vol. % Vol. % 
82.98 67.39 54 96 55.90 27.66 
ice. 8.55 9.37 12,00 6.22 69.52 
Propane 6.04 10.96 14.40 36.23 2.01 
Iso-butane 0.54 1.56 2.41 0.37 0.18 
N-butane ~ 1.45 522 7.79 0.98 0.48 
lso-pentane 0.17 0.12 0.06 
N-pentane 0.21 1.63 3.44 0.14 0.07 
Heavier fraction 0.06 275 3.44 0.04 0.02 
Total 100 00 100.00 100.00 100.00 100.00 
TABLE 3—-RESULTS OF SWELLING EXPERIMENTS ON LIGHT OIL 
of, Swelling PROPERTIES OF SWOLLEN OIL 
fo} 
Volume Gas of Oil Gas-Oil 
Rati 
Residual Saturated Specific Swollen Oil Saturation 
& Oil Gravity Oil Gravity Gravity Gas cp at 2,000 Pressure 
Gas & 60°F 128°F conditions** Vr/Vs*** °API at 60°F gm/cc at 60°F psig & 128°F psig 
9 0.320 2,000 
G 313 13.4 1,209 0.607 45.4 0.659 1.07! 
Siete coide aid 454 24.1 1,366 0.560 46.6 0.640 1.169 0.290 2,000 
i : 
700 43.3 1,685 0.509 46.2 0.605 1.065 0.240 2 
Propane-Rich Gas 762 43.6 1,863 0.466 45.2 0.604 1.214 0.252 2008 
Ethane-Rich Gas 2,077 134.9 3,919 0.285 45.3 0.478 1.016 ; 


*Oil Volume at 950 psig & 128°F, **14.7 psig and 60°F, ***Vr = Volume of residual oil at 0 psig and 60°F, Vs = Volume of saturated oil at 2,000 


psig and 128°F, ****Insufficient liquid for viscosity determination. 
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recovery), the oil recovery using the propane-rich gas 
was approximately the same as that obtained in the 
composite gas run. Ultimate oil recovery was 98 per 
cent; it was 90 per cent at gas breakthrough. After this 
run was completed it was discovered that a retaining 
filter in the sand-packed tube had corroded away, al- 
lowing a small portion of the sand in the tube to es- 
cape. It was felt this may have contributed to the early 
(although slight) production of excess gas. Whether or 
not this was the case, the substitution of propane for 
the heavier hydrocarbons contained in the composite 
gas, with the degree of swelling of the oil held con- 
stant, did not significantly affect the oil recovery. 

The ethane-rich gas was much more soluble in the 
reservoir oil than any of the other gases utilized, and 
its use as a displacing fluid resulted in an extremely effi- 
cient displacement. Essentially all of the charged oil 
was recovered by injection of only 1.4 pore volumes 
of this gas. 

The relationship between oil recovery and the oil 
swelling caused by solution of the displacing gas for 
the runs just discussed is shown on Fig. 2. These data 
indicate that for this set of experiments, the amount 
of oil recovered by a gas drive was related to this swell- 
ing. 


EXPERIMENTS UTILIZING A HEAVY CRUDE 


THE CRUDE OIL 

In order to observe the effect of a condensing gas 
drive when the nature of the reservoir oil was less fa- 
vorable to high recovery than it was in the preceding 
experiments, a second series of runs was made. The 
oil charged to the laboratory reservoir in this series of 
displacements was a heavy asphaltic crude with a stock- 
tank gravity of 18.9°API. Initial pressure of the reser- 
voir from which this material was obtained was 4,952 
psig, reservoir temperature was 210°F, and the satura- 
tion pressure of the oil was 3,500 psig at this temper- 


ature. Other properties of the crude are presented in 
Table 6. 


DIsPLACING GASES 

This series of experiments consisted of two runs, 
with a separator gas being utilized in one and a con- 
densate gas in the other. The hydrocarbon analyses of 
these two gases are given in Table 7. 


SOLUBILITY OF GASES 

The amount of each gas required to raise the satura- 
tion pressure of the heavy crude from 3,500 psig to 
5,000 psig at a temperature of 210°F was determined 
and is shown in Table 8. The properties of the swollen 
oil are also presented in this table. 

It is of interest that, even at the high pressure in- 
volved, both gases were only slightly soluble and the 
consequent expansion of the crude was therefore small. 


CORRECTION APPLIED TO VOLUME 
OF O1L COLLECTED 


The condensate gas contained heavy hydrocarbons 
which would condense on flashing to atmospheric pres- 
sure; this recoverable liquid amounted to 67.2 bbl of 
48:6°API residual liquid per MMcf of separated gas. 
As in some of the light oil experiments, it was therefore 
necessary to apply a correction to the volume of oil col- 
lected after gas breakthrough. This correction was made 
by assuming that the crude oil and condensate volumes 
were additive. Then from a knowledge of the densi- 
ties of the condensate liquid, the stock-tank crude, 
and the produced mixture, the volume of original oil 
produced was estimated. 


EXPERIMENTAL CONDITIONS 

Both of these experiments were conducted at a 
pressure at 5,000 psig and a temperature of 210° F. 
This very nearly corresponds to the initial conditions 
found in the reservoir from which the heavy crude oil 
samples were taken. 


TABLE 4—DATA ON LIGHT OIL DISPLACEMENT EXPERIMENTS 


% Oil Recovery 


Water Saturation Oil Saturation to first ee 

: . % of pore % of pore as-oil to th i 
Displacing Fluid cc volume cc volume change swollen 
Salt Water 38.5 28.9 94.6 52* ras Atmospheric Flach 
Equilibrium Gas 26.6 20.0 106.3 80.0 7 7 Atmoipheric Flach 
Separator Gas 40.7 30.6 92.4 69.4 57 57 pits ie Flash 
Condensate Gas 32.9 24.7 100.2 75.3 63 63 Aftoaceanie Flash 
Composite Gas 25.6 19.3 107.3 80.7 85 91 
Propane-Rich Gas 32.3 24.3 100.7 75.7 59 90 Total Condencation 
Ethane-Rich Gas 37.8 28.4 95.3 71.6 81 96 Tato? Conde nsatien 


*Woter Breakthrough 


TABLE 5—OIL RECOVERY DATA, LIGHT OIL EXPERIMENTS 


Displacing Fluid: Water Equilibrium Gas Separator Gas Cond te Gas 
Stock Tank Stock Tank Stock Tank 
Fluid Injected Oil Recovery Fluid Injected Oil Recovery Fluid Injected Wn ee i i sree om 
0 0 0 0 0 
15 15.9 0.11 0.03 1 
0.36 35.4 0.21 21.4 0.12 re 013 70 
0.52 52.3 0.27 26.8 0.21 13.1 0.46 33.3 
0.69 59.9 0.61 31.8 0.45 35.6 0.78 62.8 
0.94 65.0 1.04 36.0 0.66 56.9 0.91 67.7 
1.37 66.6 1.49 38.4 1.05 60.4 1.05 72.6 
2.29 40.2 1.70 63.1 1.83 81.2 
2.76 41.0 2.97 66.9 3.13 82.7 
Composite Gas Propane-Rich Gas Ethane-Rich Gas 
Stock Tank Stock Tank 
Fluid Injected Oil Recovery Fluid Injected Oil Recovery Fluid Injected Gece 
pore volumes % pore volumes GE pore volumes VA 
0 0 0 0 0 (0) 
0.29 28.0 0.30 27.4 0.30 

0.61 58.8 0.60 55.8 0.59 58.0 

0.88 84.2 0.85 76.2 0.89 86.6 

0.99 91.0 0.99 89.9 1.09 96.8 

1.09 93.6 1.20 96.0 1.27 99.2 

1.19 94.2 1.51 97.8 1.54 99.9 
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RESULTS 


The data on these two displacements are presented in 
Tables 9 and 10 and on Fig. 3. 

Ultimate oil recovery in the run utilizing the separa- 
tor gas was 33 per cent. A gradual change in gravity 
of the stock-tank oil collected in this run indicated that 
approximately 6 per cent of this oil was produced in the 
gas phase as a result of vaporization of the residual oil 
into the dry gas. 

In contrast, the rich condensate gas displaced 70 per 
cent of the charged oil, but a material balance on the 
reservoir indicated that a large portion of the heavier 
hydrocarbons originally present in the injected gas 
were preferentially absorbed by the residual oil. This 
absorption amounted to 50 per cent of the liquid 
volume which would have been produced in an at- 
mospheric flash of the whole gas. Subtracting the volume 
of condensate liquid left in the reservoir from the stock- 
tank oil recovered would lower the recovery figure from 
70 per cent to 54 per cent. However, this liquid, as well 
as a part of the residual oil, probably could be recov- 
ered by vaporization into a dry gas, if such a gas were 
subsequently injected into the reservoir. 

A point of interest in both of these runs was that 
while gas breakthrough occurred very early, the gas- 
oil ratio remained relatively low over a long period of 
production of a two-phase effluent. 


DAS C USS FON 


These results lead to the conclusion that use of a 
condensing gas drive to displace oil from a reservoir 
will result in a greater oil recovery than will an equi- 
librium gas drive, and that the anticipated increase 
will be a function of the amount of swelling of the 
reservoir oil caused by contact with the condensing gas. 

This increased recovery is believed to result from so- 
lution of the injected gas both at the invading gas front 
and behind this front. Gas condensation at the front 
tends to retard invasion of the oil-saturated portion of 
the reservoir by the displacing gas, since it swells the 
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oil phase at that point and also dissolves the leading 
fingers of the gas phase. At the same time the swelling 
of the oil lowers the viscosity of that phase, and this 
effect favors more efficient displacement of the oil. 
Behind the invading gas front the saturation pres- 
sure of the residual oil rapidly approaches the displace- 
ment pressure. However, some gas-phase components 
continue to be condensed into the liquid phase; the 
components thus absorbed by the oil are those whose 
gas-phase concentrations are greater than dictated by 
equilibrium between the phases. This selective absorp- 
tion tends to cause the residual oil to expand, but this 
tendency is opposed by the selective vaporization of 
other components whose liquid-phase concentrations are 
in excess of their equilibrium values. If the gas compo- 
sition is such that the condensing components are the 
intermediate molecular weight hydrocarbons ethane 
through butane, while the vaporizing components are 


TABLE 6— PROPERTIES OF HEAVY OIL 
A. Hydrocarbon Analysis of Subsurface Oil Sample 


Density 


gm/cc Molecular 

Component Wt. % at 60°F Weight 
Methane 4.81 
Ethane = 0.35 
Propane 1.20 
lso-butane 0.41 
N-butane 1.15 
lso-pentane 0.76 
N-pentane 0.72 
Hexanes 1.63 0.696 86 
Heptanes 2.84 0.732 101 
Octanes 2.62 0.754 116 
Nonanes 2.35 0.777 133 
Heavier Fraction 8116 0.965 463 

Total 100.00 
Pentane-free fraction 0.940 345 


B. Viscosity of 5,000 psig and 210°F = 3.65 cp 
C. Atmospheric Flash Data 
Gas-Oil Ratio at 60°F-........... 
Residual Liquid Gravity at 60°F... 
Ratio of Residual Oil Volume at 60°F to Initial 
Oil Volume at 3,500 psig and 210°F__.......-.-.-------- 0.781 
D. Saturation Pressures = 3,500 psig 


511 cu ft/bbl 
18.9° API 


TABLE 7—HYDROCARBON ANALYSIS OF GASES, HEAVY OIL EXPERIMENTS 


Analysis of: Separator Gas Condensate Gas 
Component Vol. % Vol. % 
Methane 91.35 84.45 
Ethane 4.89 4.96 
Propane 2.74 
lso-butane 0.48 0.84 
N-butane 0.51 0.98 
lso-pentane 0.27 0.85 
N-pentane 0.19 0.48 
Heavier fraction 0.00 4.70 
Total 100.00 100.00 
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TABLE 8—-RESULTS OF SWELLING EXPERIMENTS ON HEAVY OIL 


PROPERTIES OF SWOLLEN OIL 


% Swelling 
Volume Gas of Oil Gas-Oil 
Dissolved based on _ Ratio i Saturation 
% ff/bbl Residual Saturated Specific wollen Oi 
Oil Gravity Oil Gravity Gravity Gas cp at 5,000 
Gas & 60° 210°F conditions** Vr/Vs*** API at 60°F gm/cc at 60°F psig & 210°F Pi 
AA 2.63 
S t G 136 es) 684 0.741 18.9 0.779 0.7 
Condensate Gas 194 8.8 759 0.711 18.7 0.771 0.859 2.07 5,000 


*Oil Volume at 3,500 psig & 210°F, **14.7 psig and 60°F, ***Vr = Volume of residual oil at 0 psig and 210°F, Vs = Volume of saturated oil at 5,000 


psig and 210°F. 


the heavier hydrocarbons which may be stabilized in 
the stock tank, then stock-tank oil recovery is enhanced 
by both effects. The condensing components swell the 
residual oil, or minimize shrinkage, and therefore main- 
tain the relative permeability to oil at a value higher 
than it would have been in the absence of such con- 
densation. This will result in efficient physical displace- 
ment of the oil originally in place. Vaporization of any 
stock-tank oil will benefit oil recovery because the va- 
porized oil flows toward the producing wells more 
rapidly than it would have had it remained in the 
liquid phase. An additional beneficial effect of this mass 
exchange between phases is that the presence of the 
intermediate molecular weight components in both the 
gas and liquid phase will increase the vaporization of 
the heavier components by increasing the equilibrium 
ratios of these components. 

It is interesting to note that Slobod and Koch (At- 
lantic Refining Co.) were able to calculate recoveries 
for immiscible displacements which agreed with their 
experimental results.°* The basis of their calculations 
was the Buckley-Leverett displacement equations modi- 
fied to allow for the viscosity reduction and dilution of 
the original oil caused by solution of gas, as well as the 
sweeping effect of the gas flowing through the two- 
phase region on the way to the front where it con- 
denses. This procedure assumed that gas and oil did 
not interact behind the invading front, and that the 
reservoir oil was instantaneously saturated at the front 
by solution of the injected gas. If local equilibrium be- 
tween the gas and liquid at all points in the reservoir 
is attained during a displacement, these assumptions 
are exact for a single soluble gaseous component dis- 
placing a non-volatile liquid. However, for multi-com- 
ponent systems the same assumptions are rigorous only 
if the saturated oil resulting from solution of gas has a 
composition which could exist in equilibrium with the 
gas, and usually this is not the case. 

The modified Buckley-Levetett treatment did not 
satisfactorily predict the results of the light oil experi- 
ments described in the present paper. A comparison 
of calculated and experimental recoveries for these 
runs is presented in Table 11, which shows the recov- 


TABLE 9 — DATA ON HEAVY DUTY OIL DISPLACEMENT EXPERIMENTS 


Displacing Fluid Water Saturation Oil Saturation 
% of pore % of pore After Gas 
ce volume cc volume Breakthrough 
Separator Gas 11.9 8.9 122.3 91.1 Atmospheric Flash 
Condensate Gas Riss) 10.1 120.8 89.9 Atmospheric Flash 


TABLE 10—OIL RECOVERY DATA, HEAVY OIL EXPERIMENTS 
Displacing Fluid 


Separator Gas Condensate Gas 


Stock Tank Stock Tank 

Fluid Injected Oil Recovery Fluid Injected Oil Recovery 

pore volumes Ms pore volumes Ge 
0 0 0 0 

0.17 14.4 0.23 15.0 
0.40 22.4 0.42 25.8 
0.60 26.4 0.63 31.9 
0.82 29.2 0.90 39.8 
1.04 31.2 1.44 48.4 
32.4 2.31 60.3 
2.89 67.1 
70.3 


Tle 


eries obtained by injecting one oil pore volume of gas. 
After injection of this quantity of gas, the calculated 
and experimental recovery curves were approximately 
parallel, so that the difference between calculated and ex- 
perimental recoveries remained constant. Agreement was 
better for the heavy oil runs, but even there calculated 
and experimental recovery diverged for the condensate 
gas run when the volume of gas injected was large. 
When 3.5 oil pore volumes of gas had been injected, 
experimental recovery was 70 per cent compared to 48 
per cent calculated. 


TABLE I11—OIL RECOVERED BY INJECTING ONE OIL PORE VOLUME OF 
GAS, LIGHT OIL EXPERIMENTS 
Calculated 
Recovery 
(Modified Buckley- Experimental 
Gas Leverett) Recovery 
Equilibrium 36 35 
Separator 49 60 
Condensate 56 71 
Composite 65 92 
Propane-Rich 64 91 
HEAVY OIL EXPERIMENTS 

Equilibrium IY 
Separator 33 31 
Condensate 37 
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EFFECT of DIP on FIVE-SPOT SWEEP PATTERN 


RAC T 


Distortions caused by dip on five- 
spot sweep pattern were determined 
by visual experiments on a model 
composed of parallel plates of glass 
with holes drilled at the well posi- 
tions. This model was designed to 
simulate a reservoir depleted of its 
primary oil and containing a gas 
phase. Prior to interference, it was 
found that the injected fluid took a 
nearly circular shape about the in- 
jection well for the cases studied. 
However, these circles moved down- 
dip considerably under the influence 
of gravity. It was concluded that pat- 
tern flooding should be practical for 
many dipping reservoirs. A quantita- 
tive measure is given of how much 
the well position should be altered 
to allow for dip. Experimental de- 
terminations of injectivity showed 
this to be about the same in a dip- 
ping reservoir as in a horizontal one. 


LNT RODUCLION 


This investigation was undertaken 
at the suggestion of the Pacific Coast 
area, Shell Oil Co., where a pilot 
water flood in a dipping reservoir 
was being carried out at the time this 
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paper was in preparation. Prior to 
the undertaking of this flood there 
had been considerable speculation as 
to how gravity would distort a flood 
pattern in a dipping reservoir. The 
thought was expressed in some quar- 
ters that a five-spot flood would not 
be applicable to a dipping reservoir 
because the flood pattern would 
elongate in the direction of dip and 
would never form a “seal” around 
each five-spot. If the flood pattern 
elongated sufficiently, both the oil 
and the water might flow largely 
downdip rather than into the pattern 
producers. In view of the importance 
of the California water floods, it was 
deemed important to determine the 
effects of gravity on a five-spot pat- 
tern in a dipping reservoir. 

Previous work had also been car- 
ried out in this laboratory,’ but only 
for the single-fluid case. The pres- 
ent investigation extends these results 
to multifluid cases. Several sets of 
pictures of flood fronts are presented 
so that the process can be visualized. 
From these pictures, curves are ob- 
tained which show the correct drill- 
ing position for achieving equal times 
of oil-bank breakthrough. Several in- 
jectivity curves are also presented 
which may aid in prediction of in- 
jection rate. 


1References given at end of paper. 


ASSUMPTIONS 


The present results were obtained 
with a model composed of two paral- 
lel plates of glass spaced about 1 
mm apart. When the inertial forces 
are small, as in these experiments, 
the flow between the plates follows 
Darcy’s law and is analogous to 
flow through porous media. In using 
these plates, it is not possible to scale 
effects of capillarity correctly as re- 
gards a transition zone between in- 
jected and displaced fluid. Calcula- 
tions show, however, that effects of 
such capillarity should not be impor- 
tant in determining the gross flooding 
pattern in the field. In fact, in this 
model the capillary forces tend to 
circularize the pattern to a greater 
degree than in the field. To preserve 
a large ratio between the viscous 
forces and the circularizing capillary 
forces in the laboratory model, vis- 
cous glycerine was used as the flood- 
ing liquid and the rate of flooding 
was very high. The circularizing 
force is believed negligible in these 
experiments. 

In addition to the effect of the sur- 
face tension y, which tends to circu- 
larize the pattern, another capillary 
force must be considered. This is the 
adhesion tension y cos @, which acts 
at right angles to the circularizing 
term y. If the plates in the model 
are “wetted” the same all around the 


_ periphery, then the adhesion tension, 
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y cos 6, will be the same everywhere. 
In such case, the adhesion tension 
will not distort the pattern and will 
neither help nor hinder the move- 
ment of the interface. To determine 
whether the adhesion tension would 
be the same all around the periphery, 
some experiments were made with 
the equipment described by Temple- 
ton.’ These experiments showed that 
for glass surfaces and for the fluids 
used in these tests, the adhesion ten- 
sion was not a function of rate of in- 
terface advance and thus should be 
made the same all around the peri- 
phery. The interface was always an 
advancing one in these experiments, 
and thus there is no possibility of 
hysteresis. 

Flooding is assumed to take place 
in a reservoir which has been essen- 
tially depleted of its primary oil. As 
water is injected it is assumed to 
form a water bank around the injec- 
tion well, and to displace oil ahead 
of this bank. The displaced oil may 
be called an oil bank. Ahead of this 
oil bank is the unflooded region. 
The most important force in causing 
divergence of flow pattern in a dip- 
ping reservoir from that in a hori- 
zontal reservoir is due to the differ- 
ence in density of the oil in this oil 
bank and the gas in the unflooded 
region. The oil bank will tend to 
slide downdip in the surrounding gas 
space. Therefore the dimensionless 
group which was varied most widely 
was the ratio of viscous forces to 
these gravity segregation forces. In 
addition to segregation of the oil 
bank in the unflooded region, the 
water in the water bank will tend to 
slide downdip in the oil bank. How- 
ever, this tendency will be much less 
than the first-mentioned tendency 
and has not been considered in these 
experiments. That is, in these experi- 
ments the injected water was as- 
sumed to have the same properties 
as the in-place oil. 

The pattern obtained between the 
two glass plates is strictly applicable 
only to a uniform homogeneous res- 
ervoir thin enough that flow normal 
to the bedding planes may be neg- 
lected. However, it is believed these 
results may have engineering appli- 
cation to heterogeneous reservoirs if 
average reservoir properties are used. 


EXPERIMENTAL EQUIPMENT 
AND TECHNIQUE 


The model was made of two plates 
of glass, 30 in. square, spaced 0.993 
mm apart as shown in Fig. 1. The 
five-spot itself had 10-in. sides. Holes, 
% in. in diameter, were drilled at 
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the well positions where the flow 
was introduced through fittings of 
the type shown. To hold the plates 
apart, spacers were placed at inter- 
vals around the plate edges, held in 
place by clamps. The spacers were 
also placed at each wellbore parallel 
to the direction of dip. In this way 
they were parallel to streamlines and 
did not interfere with the flow. 


The outer four wells were injec- 
tors with the central well a producer. 
A small hole was tapped in the lower 
glass plate near one injection well 
for pressure measurement during in- 
jection. ~These pressure measure- 
ments were used in calculating in- 
jectivity. 

Part of the experiments were 
made with a large (14 in. diameter) 
central well. In other experiments a 
small capillary sized so as to scale 
correctly a wellbore in the field was 
substituted for this large well. Ex- 
periment showed that the size of this 
well had no effect on the determina- 
tion of the correct drilling position 
for the central well, but only indi- 
cated the relative rate of production 
after fillup. 


Glycerine (containing 3 per cent 
water) was used as the injection 
fluid. It was injected at a high rate 
by gravity flow. The relative rates of 
injection at the wells were controlled 
by placing chokes in the lines lead- 
ing to the wells, the size of the choke 
being determined by trial and error. 
The space between the plates was 
initially filled with air. As the glycer- 
ine was injected, the air could be 
pushed sideways out the edges of the 
plate, or out the production well. 
This corresponds to injection in a 
reservoir which has been depleted 
of its primary oil and which con- 
tains a significant gas saturation. 

The flow pattern was photographed 
at intervals during the tests, and at 
the same time a stop watch was 
also photographed. Scales pasted to 
the plates enabled calculation of the 
area covered during the initial radial 
and elliptical flow period. After in- 
terference, the area covered was de- 
termined by cutout-and-weigh tech- 
niques. 


The rate of injection into each well 
was computed from the time read- 
ings, and from the area covered in 
the photograph, and from the known 
spacing between the plates. In gen- 
eral, the rates were constant until 
time of interference, after which 
they fell off slightly. It was possible 
to take this change in rate into ac- 
count in the correlation of results. 


The parameters varied were the 
magnitude of the flow rates, the ra- 
tio of updip and downdip flow rates, 
the angle of inclination, and the 
orientation of the five-spot with re- 
spect to angle of dip. 


ANALYSIS OF DATA 


A typical series of flood patterns 
for orientation of sides of five-spot 
along strike is shown in Fig. 2. It 
is seen that subsequent to interfer- 
ence a small unflooded zone is left 
around the production well. This 
area grows smaller and smaller as 
injection continues. Should it become 
vanishingly small, the center of the 
unflooded zone would define the cor- 
rect drilling position to allow equal 
oil bank breakthrough times from all 
wells. However, before this area be- 
comes vanishingly small, glycerine 
begins to run into the central pro- 
ducing well. This distorts the subse- 
quent flow from what it would have 
been had the central well been placed 
correctly. Some type of extrapolation 
procedure is therefore necessary to 
find the correct drilling position. 


The procedure adopted was to 
find the center of the central un- 
flooded area, to plot this position as 
a function of time after interference, 
and to extrapolate this position to the 
time fillup would have occurred had 
there been no production at the cen- 
tral well. 


As a correlating parameter for 
the position of the central well the 
ratio of viscous to gravity forces was 
taken. The ratio was expressed in 
the following form: 

(R,+ 1) khL 
gAp sin a 
where q is the rate of injection of 
fluid of viscosity «4 into a formation 
of height h and permeability k. The 
five-spot spacing is L between like 
wells; aw is the angle of dip, and Ap 
is the density difference between fluid 
at the outside of the bank formed by 
injection and gas surrounding the 
bank. R is the ratio of volume of oil 
bank to volume of water bank and 
had a value of zero in these experi- 
ments. During the period of radial 
flow in the model, this ratio may 
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also be expressed in the following 
form: 


gApLsinaln (r./rw) 


where AV, is the average effective 
potential difference between injection 
well of radius r,, and the outside of 
the bank formed by injecting fluid, 
this outer radius being r,. 

During several runs pressure data 
were taken at the glass plate pres- 
sure tap shown in Fig. 1. The in- 
jectivity was then calculated from 


qu/ kh _ qu/kh 
Where 1S the gauge pressure 
measured at the tap level. The gauge 
pressure gives the pressure difference 
between the point of measurement 
(p:) and the outside of the injected 
fluid (p,). This injectivity is, of 
course, much larger than could be 
observed in the field because of the 
large radius at which the inner tap 
is placed. 


Injectivity = 


Pegauge 


THEORY 


From the experimentally observed 
fact that the injected area retains 
an approximately circular shape, but 
with the center displaced from the 
point of injection, it is possible to de- 
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velop a theoretical treatment for the 
injection pattern. It may be shown 
that the rate of movement of the cen- 
troid of injected fluid is given by 
AticAt 


B= Apg sin a, qt = 


q 
Thus the theory predicts that as a 
first approximation the rate of down- 
dip movement of the centroid of in- 
jected fluid is B/2. This is just half 
the rate which would be caused by 
gravity alone. 


RESULTS 


FLOW PATTERNS 


Several sets of pictures are pre- 
sented to show the pattern covered 
at different times, Fig. 2 shows the 
patterns at a moderate ratio of vis- 
cous to gravity forces (Z = 2.93) 
for the case of orientation with sides 
parallel to dip and strike. Fig. 3 (a 
and b) gives results for high (Z = 
5.06) and low (Z = 1.67) ratios of 
viscous to gravity forces for this 
same orientation. Comparison of 
these pictures shows that for a small 


Z, the circles of injected fluid have 
slid downdip much more at inter- 
ference* and have become more el- 
liptical than in the case of large Z. 
However, even when the gravity 
force is the principal factor (small 
Z), the pattern before interference is 
approximately circular. 

For the case where the diagonal 
is Oriented parallel to dip or strike, 
two sets of patterns are presented in 
Fig. 3 (c and d). These results are 
for high and low ratios of viscous to 
gravity forces (Z = 5.41 and 2.16 
respectively). Again it may be seen 
that the injected fluid is very nearly 
circular up to interference in spite 
of the fact that the center of the cir- 
cle may be displaced considerably 
from the center of injection. 

These results show that pattern 
floods are practical in a dipping res- 
ervoir, at least for the range of vis- 
cous to gravity forces studied. The 
most extreme case studied (Z = 
1.57) would correspond to floodtng 
at 12.5 B/D-ft in a 40-md forma- 
tion** dipping about 40 degrees. 
Flooding at such a rate would re- 
quire a sand-face pressure of about 
900 psi (assuming an injectivity of 
0.3). If a higher sand-face pressure 
could be applied, the effects of grav- 
ity would be reduced accordingly. 
Quantitative measures of the effect 
of gravity are given in the next sec- 
tion. 


CoRRECT WELL POSITION 
A quantative measure of the effect 


‘of gravity is obtained by determining 


how far the central production well 
should be moved downdip to allow 
equal times of oil-bank breakthrough 
from all wells. This is called “cor- 
rect drilling position.” 

With the theory as a guide for the 
analysis of a large number of flow 
experiments, it was possible to de- 
velop equations for calculating the 
correct drilling position. The equa- 
tions are: 

For a single pilot five-spot flood 
with side along strike 
1.343 

9.63 (N* — 2.369 N + 1.418) 


Sp 


(1) 
For an entire field of five-spots 
with sides along strike 


343 
(2) 


*Interference is the moment when the two 
fluid banks touch. 

**j.e,, a formation whose permeability to 
water during flooding is 40 md. 
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where 


(a) 


(b) 


(c) 


(d) 


For a single pilot five-spot with 
diagonal along strike 


NES 
20,902 


6.41 (N? — 2.369 N, + 1.418) 
Z(1 + 2N? +N) 


(3) 
For an entire field of five-spots 
with diagonal along strike 


ON) 
) 


In these expressions Z is the aver- 
age ratio of viscous to gravity forces 
((R + 1) qu/khL]/gAp sin a before 
interference; Z’ is the average value 
between interference and fillup. The 
other quantities are made clear on 
Fig. 4. Since these equations are em- 
pirically fitted to the data they should 
not be used outside the range fitted, 
particularly for values of N less than 
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0.9 or greater than 1.2. This is be- 
lieved to cover the range of interest 
in the field. The average deviation 
between results observed in 25 ex- 
periments and those calculated from 
Eqs. 1 and 3 is +3 per cent. 


To obtain the set of results appli- 
cable to an entire field, it is assumed 
that in an actual field the injection 
fluid will not slide downdip any 
longer after interference. Thus, it is 
assumed that injection is occurring 
all the way between the lower im- 
permeable boundary and the upper, 
and that the lowermost injection well 
is only one-half location away from 
the lower boundary. Under these as- 
sumptions the fluid will not be able 
to move directly downdip after in- 
terference, and can only move to fill 
up the areas around each production 
well. It seems reasonable to assume 
that the center of the uninvaded 
areas will not move appreciably dur- 
ing this period between interference 
and fillup. Thus Eqs. 2 and 4 are ob- 
tained from Eqs. 1 and 3 by omit- 
ting the last term, the term which 


represents the movement of the cen- 
ter of the uninvaded area after in- 
terference. 

The results for the single pilot 
five-spot are plotted in Figs. 5 and 6. 
This latter figure is for the special 
case N, = N;; both figures are for 


the case Z’ = Z. It may be seen that 
for a comparable case (N;, = Ni=N) 
less movement from the center is re- 
quired, percentagewise, in the di- 
agonal-along-strike case than in the 
side-along-strike case. For both sets 
of curves the well need be moved 
very little when Z is greater than 
10, i.e., when the viscous forces are 
much greater than the gravity forces. 

The results shown in Figs. 7 and 
8 were obtained from Eqs. 2 and 4. 
The position for the interior well in- 
dicated by these figures is seen to be 
nearer to the center than is indicated 
by Figs. 5 and 6 because of assump- 
tions mentioned above. In the pilot 
five-spot case, the fluid can still 
move downward freely after inter- 
ference. In the hypothetical field 
case shown in Figs. 7 and 8, the fluid 
does not move preferentially down- 
dip at all after interference. Thus, 
these four figures furnish the engi- 
neer with the two probable extremes 
of behavior and he can choose an 
in-between position if he likes on 
the basis of his own injection pat- 
tern. 

A comparison of the results ob- 
tained from the model studies with 
results predicted in Reference 1 are 
shown in Fig. 9. These predictions 
were made on the basis of single- 
fluid streamline theory. The predic- 
tions were apparently reasonably ac- 
curate. 


INJECTIVITY 


It appeared to be of some interest 
to measure the actual injectivity in a 
dynamic model since all previous in- 
jectivity results from this laboratory 
had been obtained theoretically or in 
a potentiometric type model. Injec- 
tivities were calculated from pressure 
measurements made at the small tap 
shown in Fig. 1 and from measured 
flow rates and viscosities. The per- 
meability of two parallel plates is 
given by k = h’/12, where h is the 
plate spacing. Injectivities calculated 


I - Sige along strike ~ Diagonal along Strike 
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in this manner are, of course, very 
much higher than would be observed 
in the field because of the compara- 
tively enormous radius at which the 
pressure is measured in the model. 
Results are presented in Fig. 10 for 
one horizontal case and one tilted 
case. It may be seen that the agree- 
ment between calculated and ob- 
served results is reasonably good. It 
appears that injectivity results for 
the horizontal case will also apply to 
the dipping case without correction. 


USE OF DATA 


In an actual field case there will 
in general be both a water bank and 
an oil bank. Thus there is the prob- 
lem of what value of « and k should 
be used in calculating Z. It seems 
reasonable that some weighted aver- 
age of u./k, and should be 
used, and the following analysis 
leads to a method of weighting. 

For the case of radial flow where 
oil and water have the same proper- 
ties 
(R + 1) qp/khL 

gAp sina 

gApL sina ln(r./r.) 
Now when oil and water have dif- 
ferent properties: 


27rAV. 
 Kwh E > 

) 

choosing \/2L/4 as an average value 
of r., and noting that r?/r;= R +1 
we have 


Z= 


27AVe _ 
= 1+ 
| 
In(R + 1) 
This means that our effective value 
of /k is given by 


k, —-k, 
In(R + 
Using this value of Wk we can ob- 
tain Z from 
(R +1) Gwite/kehL 
gAp sina 


EXAMPLE 

Let us consider a 10-acre five-spot 
development in a field dipping about 
12 degrees with diagonals of five- 
spots along strike. Other parameters 
are 

Gw = 333 B/D = 613 cc/sec 

[tw = 0.009 poise 
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ky = Kyk = 0.05 darcy One =) log(R + 1) 

M,.=5 4 log 3 
jog 8.71 X 10 
= 182 x 10 4 

L/r, = 2,640 = 2.40 X 10° poise/cm* 

= 660 ft = 20,100 em 
(R +1) _ 
pe = 0.003 gm/cc (at 50 psig) 
be 3(613) 2.40 (10°) /2440 
980 (0.917) 20100 (0.208) 
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= 4.81 

Let the rate of injection be equal 

at all wells. Then from Fig. 8 we 
see that the central production well 
should be placed at 0.451 of the dis- 
tance between lower and upper in- 
jection wells. This is 46 ft below the 
center of the five-spot. 


WATER BREAKTHROUGH TIME 


The prognosticated positions giv- 
en thus far allwo equal breakthrough 
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time of the oil bank from the sur- 
rounding four injection wells. They 
do not furnish any direct informa- 
tion on the time of breakthrough 
of the water. However, if the oil- 
bank breakthrough times are equal- 
ized, the water-bank breakthrough 
times should also tend to be equal- 
ized. To obtain some information in 
this regard, resort was made to a 
previous paper.’ It was assumed that 
the water bank is still radial in shape 
at fillup, but that its center has 
slipped downdip a distance a from 
the injection well. It is assumed that 


the entire field is being flooded so 
that there is no downdip slippage 
after oil-bank interference. There- 
fore for orientation parallel to dip 
the quantity a may be obtained from 
Fig. 7 as (0.5 — Sy)L. Flooding 
Technique A of the above-mentioned 
paper, the technique in which there 
is equal injection rate at all injection 
wells, and all producers are pumped 
off, was applied. 

Under these assumptions, and ap- 
plying single-fluid streamline by the 
method of the above-cited report, the 
sweep efficiency was obtained for the 
case: Z = 3.05, N=1, and R= 
1.7. For these conditions the sweep 
efficiency at water breakthrough was 
found to be 69 per cent. The fillup 
and breakthrough fronts are shown 
in Fig. 11. Breakthrough occurred 
first between the updip injector and 
the lower producer. For this one case 
the production well was not moved 
downdip quite enough to equalize 
water breakthrough times. However, 
the sweep efficiency was improved 
considerably over what it would 
have been had the well not been 
moved at all. The study of water 
breakthrough time under the influ- 
ence of both mobility ratio and grav- 
ity is outside the scope of this paper. 
The result shown above, however, 
would suggest that the placements 
suggested in this report will give 
reasonable sweep efficiencies. It 
would also suggest that the move- 
ments indicated on Figs. 7 and 8 are 
not quite enough to equalize water 
breakthrough times. 


CONCLUSIONS 


For all the patterns observed in 
these experiments, the shape taken 
by the injected fluid was found to 
be elliptical but circular to a good 
approximation. In the most extreme 
case studied the ratio of major to 
minor axes of the ellipse was 1.10. 
This would correspond roughly to 
flooding at 12.5 B/D-ft in a 40-md 
formation dipping about 40 degrees. 
The results indicate that pattern 
flooding should be feasible in many | 
dipping reservoirs if the pattern is 
shifted to allow for dip. 


It was found that, for constant in- 
jection rate, the rate of downdip 
movement of the centroid of injected 
fluid is approximately constant. This 
rate of downdip movement during 
continuous injection is about half the 
rate at which fluid would move 
downdip under the influence of grav- 
ity alone. The injectivity for dipping 
floods was shown to be essentially 
the same as for horizontal cases. 
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It is believed that the curves given 
in this report will enable a better 
selection than heretofore of well 
placement for pattern flooding in 
dipping reservoirs. 


BOLS 


f= porosity, fraction 

g = acceleration constant 
due to gravity, cm/ 
sec” 

h = thickness of formation, 
or of space between 
parallel plates, cm 

J =1njectivity for a homo- 
genous formation, as 

qu/kh 

Ap 
k = permeability, cm’ 
k,, = permeability to water, 


defined by J = 


cm* 

k, = permeability to oil, 
cm* 

L = length of side of five- 
spot, cm 


mobility ratio, water to 
oil, defined by 
N, N;, N, = Ratio of square root of 
production rates — 
(see Fig. 4) 
‘p= pressure, dyne/cm’” 


Ap = sand-face pressure dif-~ 


ferential between in- 
jection and produc- 
tion well, dyne/cm* 
water injection rate, 
cm’/sec 
q= injection rate before in- 
terference, cm*/sec 
_(numerical subscripts 
on q refer to well 
number) 


q = injection rate between 
interference and fill- 
up, cm’/sec (numer- 
ical subscripts on q 
refer to well number) 


r, = radius of injected fluid, 
cm 


r. = outer radius (of oil 
bank if there is one— 
otherwise of injected 
fluid), cm 


II 


qd w 


ry = wellbore radius, cm 
R = So am Sor 2! 


volume oil bank 
volume water bank 


= gas saturation at start 
of flood, fraction 
Sgr = remaining gas satura- 
tion, fraction 
= oil saturation at start 
of flood, fraction 
Sor = residual oil saturation, 
fraction 
Sy» = position of center of 
unflooded area at mo- 
ment of fillup (cor- 
rect drilling position), 
fraction of length of 
side or diagonal (see 
Fig. 4) 
t = time, sec 
AV, = average effective poten- 
tial difference between 
injection well and r, 
Z = ratio of viscous to grav- 
ity forces, defined by 
(R + 1)qp/khL 
gAp sina 
a = angle of dip 
y = interfacial tension be- 
tween injected fluid 
and gas (in model) 
p. = fluid viscosity, poise 
bw = Water viscosity, poise 
to = oil viscosity, poise 
p = fluid density, gm/cc 
Ap = difference between dens- 
ity of oil and gas, 
gm/cc 
9 = contact angle measured 
through the wetting 
phase at the  solid- 
liquid-gas interface. 


| 


Z= 
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THEORY of DIMENSIONALLY SCALED MODELS of 
PETROLEUM RESERVOIRS 


J. GEERTSMA 
G. A, CROES 
N. SCHWARZ 


KONINKLIJKE/SHELL LABORATORIUM 
AMSTERDAM 


C.T 


The dimensionless groups, to which the variables that 
govern the displacement of oil from reservoirs by 
liquids can be combined, are derived. Three types of 
displacement are considered, viz. cold-water drive, hot- 
water drive and solvent injection. 

The derivation of the dimensionless groups is car- 
ried out by means of the relevant basic equations (in- 
spectional analysis). The resulting sets of groups are 
afterwards completed by means of dimensional analysis. 
The form of the groups is given in such a way that 
they can be adapted to suit the various boundary con- 
ditions that are encountered in practice. The physical 
meaning of the groups is discussed. They have all been 
brought together on a chart, from which their mutual 
relation and their correspondence to related dimen- 
sionless groups in common use in other engineering 
sciences can be read off. 

The limitations of dimensionally scaled model ex- 
periments as a useful tool for studying liquid flow in 
porous media, as occurring in oil reservoirs, are dis- 
cussed. 

“The use of models to study fluid mechanics has 
an appeal for everyone endowed with natural curi- 
osity. What active boy has not played with ship 
and airplane models, or crude models of dam 
and drainage systems? Even in the most advanced 
technical engineering, such models play a funda- 
mental and indispensable role. 


References given at end of paper 

Original manuscript received in Petroleum Branch office on July 
18, 1955. Paper presented at Petroleum Branch Fall Meeting in 
New Orleans, Oct. 2-5, 1955. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (8 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any discussion offered after Dec. 
31, 1956, should be in the form of a new paper. 
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“And yet in few departments of the physical 
sciences is there a wider gap between theory and 
practice, between scientific knowledge and the 
state of art, than in the use of models to study 


hydrodynamic phenomena.” 
Garrett Birkhoff’ 


INT LON 


Laboratory displacement experiments are extensively 
used to investigate, directly or indirectly, the production 
behavior of petroleum reservoirs. Such experiments are 
representative of the reservoirs as a whole, if they are 
carried out with models that are “properly scaled.” 

The performance of oil reservoirs is governed by the 
values of a number of variables, which can be com- 
bined to dimensionless groups. 

Two general methods are available for the derivation 
of these groups. 

In the first of these, dimensional analysis, combina- 
tion of the variables is done essentially by trial and 
error. Its only premise is knowledge of the complete 
set of relevant variables. 

In the second method, inspectional analysis*, the di- 
mensional homogeneity of the equations describing the 
behavior of the system to be studied is used. 

The resulting dimensionless groups can be divided 
into: (a) independent (variable) groups, such as di- 
mensionless length, time, etc.; (b) dependent groups, 
giving the dimensionless form of the variables, such 
as recovery and pressure, that can, at least in principle, 
be measured during an experiment; (c) similarity 
groups, which are independent constant groups, such as 
ratio of length to height of the reservoir and ratio of 


*The term “inspectional analysis” was introduced by Ruark?. 
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the viscosities of the reservoir fluids. Their value is 
known a priori. If the values of these groups are the 
same for a model and fora prototype, the model is 
properly scaled, which means that for equal values of 
the independent variable groups in prototype and 
model, the values of the dependent groups are equal 
too. It follows that the results of experiments with such 
a dimensionally scaled model can be directly inter- 
preted in terms of field performance. 

Three types of displacement will be considered, viz.: 
(1) cold-water drive, i.e. the conventional water drive; 
(2) hot-water drive, i.e. the injection of hot water with 
the objective of increasing recovery from reservoirs con- 
taining viscous crudes (see v. Heiningen & Schwarz’) ; 
and (3) solvent injection, i.e. the injection into and 
circulation through a reservoir containing a viscous 
crude of a miscible liquid (see Offeringa & v. d. Poel’). 

The objectives of the paper are to give for each of 
these production mechanisms: (a) an unambiguous 
derivation of the complete sets of dimensionless groups; 
and (b) the limitations of the feasibility of dimension- 
ally scaled model experiments. 


SURVEY OF LITERATURE ON DIMENSIONALLY 
SCALED RESERVOIR MODELS 


The use of dimensionless groups for the investigation 
of the water drive process was initiated by Leverett 
et al.’ Engelberts'and Klinkenberg® extended this work. 
These authors exclusively used dimensional analysis. 

Rapoport and Leas’ reported the results of “scaled” 
experiments on water flooding. A detailed study of the 
influence of the principal dimensionless group govern- 
ing the water drive mechanism—the oil/water viscosity 
ratio—was published by Croes and Schwarz.’ Offeringa 
and Van der Poel* carried out scaled model experi- 
ments on oil recovery by injection of solvents.- 

The most successful attempt to arrive at an un- 
equivocal derivation (by means of inspectional analysis) 
of the similarity groups governing cold-water drive was 
recently published by Rapoport.’ 

The present authors gladly made use of the above 
results, where necessary. 


METHODS FOR THE DERIVATION OF 
DIMENSIONLESS GROUPS 


DIMENSIONLESS ANALYSIS 

The theory of dimensional analysis is described in 
a large number of books and articles, of which we may 
especially mention Langhaar,” Focken” and Birkhoff.’ 

The first step in the dimensional analysis of a prob- 
lem must be to ascertain which variables are relevant to 
the problem. Special care should be exercised at this 
stage that all the relevant variables are included. 

The variables can be arranged in a set of dimension- 
less groups. The set is complete if all the groups in the 
set are independent of each other and if every dimen- 
sionless group containing the same variables, and not 
belonging to the set, can be formed by combining 
groups belonging to the set. 

Buckingham has put forward the rule that the num- 
ber of dimensionless groups in a complete set is equal 
to the total number of variables minus the number of 
fundamental dimensions, e.g. mass, length and time. 
Langhaar generalized this rule, but Buckingham’s state- 
ment is sufficient for our purpose. 


INSPECTIONAL ANALYSIS 
All physical equations are relations between inde- 


VOL. 207, 1956 


pendent variables, dependent variables, and constants. 
The total number of variables minus the number of 
equations which describe the process determines the 
number of independent variables. The independent 
variables can be converted into independent (dimension- 
less) groups by dividing them by some value of the 
same dimension, characteristic of the system. 

As the equations are dimensionally homogeneous, the 
dependent variables and the constant terms can be 
brought into a dimensionless form by dividing each 
equation by one or more of its constants, suitably se- 
lected. The dependent variables in their dimensionless 
form are called dependent groups, the (dimensionless) 
constant terms similarity groups. 

If the equations are differential equations, the relevant 
boundary and initial conditions are to be handled in 
the same way. 


COMPARISON OF THE Two METHODS 


A characteristic feature of inspectional analysis is 
the existence of a mathematically expressible concept 
of the phenomenon. This entails the introduction of a 
number of approximations, as a consequence of which 
some groups, which can be of importance under less 
ideal conditions, may be “forgotten”. As an example 
we may mention the groups associated with pore size 
and pore size distribution, which are deleted if a Darcy- 
type flow equation is adopted. 

Further, it is sometimes necessary to introduce em- 
pirical variables such as relative permeabilities, the 
physical meaning of which is not always clear.” 

On the other hand, an inspection of the equations 
may reveal that two or more similarity groups only 
occur -coupled together. This combination can then be 
considered as a single similarity group; the result is a 
smaller number of groups and greater flexibility as re- 
gards realization of a model than would follow from 
dimensional analysis. : 

As opposed to the above, the set of groups obtained 
by means of dimensional analysis is complete and the 
variables occurring in the groups have a clear physical 
meaning. However, the physical meaning of the simi- 
larity groups themselves, as derived by dimensional 
analysis, is generally less apparent than that of the 
groups derived by inspectional analysis. Deletion of 
one or more of the groups, which is necessary for the 
realization of a model, is therefore most conveniently 
discussed on the basis of inspectional analysis. 

As a consequence of the above considerations the 
method chosen was primarily inspectional analysis. The 
set of similarity groups obtained was afterwards freed 
from empirical variables and completed by means of 
dimensional analysis. It was hoped that by this pro- 
cedure the advantages of the two methods could be 
combined. 

As the first stage of inspectional analysis, the basic 
equations of the displacement process in porous 
media will now be tabulated and classified. 


SURVEY OF THE TYPES OF EQUATIONS 
DESCRIBING FLOW PHENOMENA IN 
POROUS MEDIA 


The equations describing flow phenomena in porous 
media can be classified as follows: those describing the 
conservation of basic quantities in the system; those 
describing the dependence of the properties of single 
components on pressure and temperature; and those 
describing mutual interaction of the components. 
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CONSERVATION OF BASIC QUANTITIES 


1. Equation of conservation of matter (material bal- 
ance or continuity equation). This equation expresses 
the fact that the difference between the amounts of 
matter entering and leaving a source-free part of the 
system is equal to the increase of matter in this part. 

2. Equation of conservation of momentum, based on 
Newton’s law, K = ma (equation of motion). The most 
general form of fluid flow is described by the equation 
of Navier-Stokes. For slow flow through porous media 
it may be specialized to some form of Darcy’s law (see 
e.g. Muskat™). 

3. Equation of conservation of heat (thermal balance 
equation), expressing the fact that the difference be- 
tween the amounts of heat entering and leaving a 
source-free part of the system both by conduction and 
by convection is equal to the increase in the amount 
of heat in that part. This definition entails the assump- 
tion that there is no conversion of mechanical energy 
into heat energy and vice versa. 

For an excellent review of these equations and of 
their interrelations the reader is referred to Klinken- 
berg and Mooy.” 


PROPERTIES OF SINGLE COMPONENTS 


1. The influence of pressure and temperature on the 
density of single reservoir fluids (equations of state); 

2. The influence of temperature on the viscosity of 
the liquids (the influence of pressure is neglected). 


MUTUAL INTERACTION OF THE COMPONENTS 


1. The diffusion of two miscible liquids into each 
other; 

2. Capillary phenomena at interfaces between phases. 

The differential equations among the above relations 
are valid for a volume element which is small compared 
with the dimensions of prototype and model, but large 
compared with the diameters of the pores. 

For convenience it is assumed that porosity and 
permeability are uniformly distributed and that the 
permeability is isotropic. Further, only two dimensional 
flow in the vertical plane will be considered, because it 
represents the main body of experimental results ob- 
tained hitherto. 

Omission of these assumptions would result in the 
addition of some obvious similarity groups, fixing the 
distribution of the permeability, porosity, and geometry 
of the reservoir. 


DISCUSSION OF THE EQUATIONS 


The continuity equations for the simultaneous flow 
of two immiscible liquids (oil and water) in a porous 
medium are respectively 


for the oil phase: div ( on) = ead (1) 
for the water phase: div ( =— 


If the displacing liquid is miscible with the oil—as 
in the case of a solvent or diluent—there is only one 
phase, but a continuity equation can be given for each 
of the two components, oil and diluent: 


for diluent: div (pava) (4) 


Because of the miscibility of the components, concen- 
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trations (C,, Ca) are used instead of saturations (S,, Sw). 
The pore space is assumed to be completely filled 
with the two liquids, which is expressed by: 
Co= 1 =. Cz respectively? 2) 
The equations of continuity give no information 
about the physical behavior of the particular system 
and therefore no similarity groups can be derived from 
them. This fact has been referred to earlier by Birk- 
hoff.. Their function in inspectional analysis is to put 
the rates of flow in a convenient dimensionless form. 
The equations of motion for multi-phase flow in a 
porous medium are extensions of Darcy’s law. This 
law has been proved to be valid for slow flow of a 
single phase only, but has been adapted to multi-phase 
flow by introducing the relative permeability concept 
and writing one equation for each phase. 
The generalized Darcy equations for the simultaneous 
flow of oil and water may be written as 


— 

and 


The mutual hindrance of the two liquids is here sup- 
posed to be completely accounted for by k,, and ky». 

The flow of oil and diluent can be considered as that 
of a single phase because there is no definite interface 


— 
between the two liquids. Thus the velocities v, and 


— 
v, in the Eqs. 3 and 4 consist of a common part, rep- 
resenting the “Darcy flow”: 


— 


k 


and an individual part, resulting from diffusion (see 
below). 

Thermal balance equations are required for the de- 
scription of the hot-water drive. In the presentation of 
these equations it will be assumed that: (a) the fluid 
phases and the rock grains are in such close contact 


- with each other that in every volume element of the 


reservoir the temperatures of water, oil and rock are 
equal; and (b) the thermal constants are independent 
of pressure and temperature, and consequently of place 
and time. The thermal balance equation then reads: 


ae ES 


in which 

and 

= AGS. + AwhSw + ACL (12) 

The equations of state are simple, because liquids can 

be Tegarded as imcompressible and the dependence of 
their densities on the temperature can be given with 


sufficient accuracy by the cubic expansion coefficient f. 
For the hot-water drive they are: 


dp. 

dpw 

for cold-water drive 


and for solvent injection: 
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16") 

The dependence of the viscosity of the liquid phases 
on pressure is neglected. 

The influence of temperature on viscosity is given by 
relations containing a number of thermodynamic prop- 
erties of the liquids (see e.g. Bracker™). Such relations 
are not suited for inspectional analysis and a more 
practical approach will be adopted by introducing the 
scaling rule: “The graphs of dimensionless viscosity 
against dimensionless temperature should be congruent 
for model and prototype”. This scaling rule is repre- 
sented by: 

Ho = bol 


“eT 


and 


= 


where 4 and A ,.7 are (dimensionless) symbols 
for the sets of relevant thermodynamic properties. 

Diffusion phenomena of two miscible liquids into 

each other are described by Fick’s law: 

D, is the apparent diffusion constant which, according 

to L. J. Klinkenberg,” is given by: 

Do 

(20) 

The complete flow equations for miscible liquids are 
found by combining Eq. 9 with 19, and 20, to give: 


k 
v, = — C, — (grad p — pmg) — — grad C, 
[em L 
Va= —-Ca (gradi pi grad Ca 
(22) 


Diffusion causes a change in composition of the indi- 
vidual liquids and thus a change in their density and 
viscosity. 

It is supposed that the density of a mixture can be 
given by a linear combination of the densities of the 
two components, i.e. that no contraction occurs upon 
mixing: 

The viscosity of the mixture p,, is symbolically ex- 
pressed by the formula: 


bo 


which means that the graphs of <= against C, should 
Ha 


be congruent for the model and for the prototype. The 
ratio 


is a parameter in this equation. 
d 
The equations representing the capillary pressure be- 
tween two immiscible liquids have earlier been derived 
by Leverett” (cf. Rapoport’) and can be brought in the 
form 
Pw =p + (b— 1) (26) 
where p is the pressure that would prevail if the capil- 
lary pressure (p, — pw) were zero. In the literature the 


average pressure p = (p. + p.)/2 is often used instead 
of p, in which case b = 2. 

The influence of the temperature on the interfacial 
tension during hot-water injection can be taken into 
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account in a similar way as the influence of the tem- 
perature on the viscosity of the phases: 
a 1G, COS_©) (Agee (27) 


BOUNDARY INITIAL CONDITIONS 


For a complete description of the flow problems, only 
the relevant boundary and initial conditions are still 
lacking. The introduction of boundary conditions calls 
for a description of the geometry of the reservoir. 

The reservoir has a length /] in the x-direction, a 
thickness h in the y-direction and is infinite in the z- 
direction. The x-z plane makes an angle of a with the 
horizontal plane. For the sake of simplicity we will 
consider flow in the xy-plane; flow phenomena in the 
z-direction are neglected. These simplifications, entail- 
ing the elimination of two of the flow equations, do 
not restrict the generality of the derivation of the 
dimensionless groups; only evident dimensionless groups 
are lost. 

The boundary conditions for the displacement of oil 
by water are: 

(a) for a given injection rate: 


Vox = O 
y=0,y=hovy =O. . .. (30) 
(b) for a given injection pressure: 
y y= h> = = 0 . 2° GO) 


For solvent injection the same equations apply, if the 
subscript w is replaced by d. 

In the case of hot water injection Eqs. 28 through 
31 have to be supplemented by those pertaining to the 
flow of heat: 


oT 
) 
(34) 


in which (=) is determined by 
oy y=0,h 


h<y<0-> p.c. + div grad T, = 0 


with initial condition t = 0 > T = T,(x%,y) . . (36) 
and boundary conditions x = 0,x =Il—> 


The initial conditions are for the 
cold-water drive: hot-water drive: solvent injection: 


So = Soil Soi(%y), Cs 
p=pi(xy)* . p=pi(%y),* p= pilxy)* 
T= Tiley) 


*The specification of pe and pi is only necessary when the ab- 
solute values of the pressures influence the properties of the fluids 
or the rock. As this is assumed not to be the case in the water 
drive process, pe and pi can be deleted. 
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DERIVATION OF THE DIMENSIONLESS 
GROUPS BY INSPECTIONAL ANALYSIS 


The independent variables x, y and ¢ can be written 
in dimensionless form as: 

+ is some characteristic time, the form of which will be 
defined later. 

The Eqs. 1 through 41 can then be written in full 
and rendered dimensionless. 

The procedure will be illustrated for the equations de- 
scribing the cold-water drive. The continuity Eqs. 1 and 
2 can be written as follows (making use of Eqs. 5, 
15 and 16): 


The Leverett Eqs. 25 and 26 are substituted into 
the flow Eqs. 7 and 8, which are then brought into 
such a dimensionless form that the groups containing 
v, and vy, are the same as those occurring in Eqs. 43 


and 44: 
bow kpr Lew 
Po OX (=) 
7a COS O Vkob dJ 0(S,) Po 
krp.gsina * 
fowl 


po AtpwE cosa * 
kpr 
ax (=) 
racosOvV/kp a(S.) Lk krpwg Sina 


a(S.) 
pw COS a 
The boundary and initial conditions of importance 


for inspectional analysis are here (Eqs. 28 or 31 
and 39): 


Or 


*The component of g in the x-direction is g sin a, that in the 
y-direction g cos a. 
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The dimensioniess groups appearing in the above set 

of equations are: 
1. independent variables: 

2. dependent variables: 

VoyT VwyT kpr 
3. similarity groups: 


a Ho Po kr Pw8 OV kb 
k 
Uw 


In exactly the same way the following similarity 
groups can be derived for the hot-water drive: 
l Hoi Por pwi8 cos); Vk 
Pwi Pwi 
B. Pwilw Aw 


af b, Kees Sois 


, A__ and either 


VT kApr 
— or ; 
P 
Inspectional analysis of the equations for solvent in- 
jection leads to the set of similarity groups: 


h Lr l 
kApr 


The choice of 7 will be such that one of the similarity 
groups, depending on the boundary conditions, becomes 
equal to unity. Thus when the input velocity v of the 
displacing liquid is given, 

l 


If, on the other hand, the pressure drop Ap across the 
reservoir is given, 


Apk 
in which ». has the subscript ,. for the cold-water drive, 


wi for the hot-water drive and , for the solvent injec- 
tion. 


Some of the dependent variables are, in the form 
given above, difficult to measure. These groups, how- 
ever, can be replaced by other groups, by means of re- 
lations valid at the outflow end of the reservoir. For in- 
stance 


VwxT QwT 


1 


VoxT 


These relations give rise to the dependent groups: 
ands 

Al Oh 
For solvent injection convenient dependent groups are: 


QoT 
and (2) 
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and 


h h OX, 
1 
l l 
= 
kApr 
S,; 


ADDITIONAL SIMILARITY GROUPS FROM 
DIMENSIONAL ANALYSIS 


We now can apply Buckingham’s rule to the sets of 
similarity groups obtained. In the cold-water drive we 
have found 12 groups, containing 19 parameters, viz. 


L, h, k, Ho» Mews Pos Pwo 8) 9, 0, b, Soi 


dJ 
as,’ 
and v or Ap. According to Buckingham’s rule these 
should give 19-3 = 16 similarity groups (three funda- 
mental dimensions: mass, length and time), so that four 
groups are lacking. Two of these “forgotten” groups 
are © and ¢. According to the equations of the pre- 
vious section they only occur in the combination 


cos Vo; 
which suggests that this combination can be considered 
as one single parameter and that © and ¢ can be 
omitted as separate similarity groups, if o is replaced 


by o cos 8 Vo 

The remaining two groups cannot be derived in the 
same unambiguous manner as the above groups, but it 
is plausible that one of them stands for the scaling 
down of the average pore diameter. A reasonable form 
for this group is 1/\/k. 

The other group that has to be introduced is equiva- 
lent to Reynolds’ number and accounts for the inertial 
forces that were neglected in the differential equations. 


A reasonable form for this group is mentioned by 
Shchelkachev”: 


pwl\/k 
In the hot-water drive we obtained 26 groups which 
contain 33 parameters (combining o and 9, p, and c,, 
pe and Viz. 
L, h, a, k, Mois Pewiy Pois Pwis (o Cos b, Ks; 
Sois Bus Co, Cws PrCr, Pcloy Nos Ary Nes 
A ,A 
four fundamental dimensions, viz. mass, length, time 
and temperature, so that 33 — 4 = 29 similarity groups 


A,,and v or Ap. There are in this case 


could be expected by dimensional analysis. Two of the 


groups that were not found by inspectional analysis are 


again iad Pwil Vk . The last group lacking ap- 
Vk T pw i 
pears to be the ratio between the heat quantity con- 
tained in the displacing fluid and the heat produced 
mechanically by the fluid forces. Thus, for the sake of 
completeness, the group 
Lat 


to be found by dimensional analysis, must be added. 


If oe = D, is considered as one variable, inspec- 


tional aes of the solvent injection process gives 
eight similarity groups containing 13 parameters. Thus 
here 13 — 3 = 10 similarity groups could be expected. 
The lacking groups are again 


pal VK 


Vk 
SIMILARITY OF PORE SIZE DISTRIBUTION 
dJ 
qs” b, k,, and ky, are functions of 
the saturation (dependent on the values of the inde- 


The groups J, 
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pendent groups and the other similarity groups) and 
are further determined by the pore size distribution 
and perhaps more or less by the remaining similarity 
groups. Introduction of a similarity group x, represent- 
ing this distribution, thus enables us to transfer the 
above groups from the set of similarity groups to that 
of dependent variables. ; 


TABLE 1 


All similarity groups discussed, together with the im- 
portant dependent and independent variables in dimen- 
sionless form, are collected in Table 1. As is seen from 
this table, the final sets of similarity groups for the 
same production mechanism with different boundary 
conditions can be entirely different in appearance. 


Several dimensionless groups occurring in other en- 
gineering sciences have been named after prominent 
investigators, and are denoted by the first two letters 
of their names. Some of these groups, called after Rey- 


nolds and Peclet, are readily recognized among those 
derived in this paper. The groups called after Schmid, 
Weber, Froude, Prandtl and Grashof appear when some 
of the dimensionless groups in the chart are combined 
with the Reynolds’ number. The Lewis group is ob- 


tained by multiplying the diffusion group({p)with the 
Peclet group. 
It is proposed, as already suggested by Shchelka- 


chev,” to name the ratio of pressure forces to viscous 


k 
forces (227) after Darcy (Da). For the ratio of capil- 


cos 

the name of Leverett and the symbol Lf, in order to 

avoid confusion with the symbol for the Lewis group. 


lary forces to viscous forces ( ) we suggest 


DISCUSSION OF THE REALIZABILITY OF 
DIMENSIONALLY SCALED RESERVOIRS 


Even a superficial study of the sets of similarity 
groups shows that the design of a scaled model of an 
oil reservoir in which all similarity groups have the 
proper value is out of the question. It is therefore 
necessary to omit some of the groups. 

The proper choice of the group(s) to be deleted in 
a given case is essential for the experiment to be rep- 
resentative of the behavior of the prototype. The de- 
cision must be taken after it has been found experi- 
mentally what group(s) have little or no influence in 
that particular case. 


l 
and yx refer ex- 


l 
Vk 


l 
clusively to the reservoir rock. i and a define the shape 


The similarity groups 


of the reservoir; in any model the proper value can be 
assigned to them. and x define the structure of the 


porous medium. It is much more difficult to give these 
two groups their proper value in a model. 

If the length is scaled down by a factor of, say, 
100, constancy of 1/\/k would entail that the permeabil- 
ity is 10* times lower in the model than in the prototype. 
This condition cannot be fulfilled. Fortunately, however, 
the group 1/\/k does not follow from Darcy’s law and 
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it will thus have no influence if this law applies for 


multi-phase flow. It is plausible to assume that 1/\/k 
can be deleted, if the average diameter of the pores is 
much smaller than the smallest dimension of the res- 
ervoir, i.e. if 1/\/k (or h/\/k) is very large. The value 
of this group down to which the assumption is per- 
missible has to be found experimentally. 

The group x can only be given its proper value 
if either: (1) the sand in both prototype and model 
is unconsolidated, because x is believed to have about 
the same value for all loose sands; or (2) in the 
model the same porous medium is used as that of 
which the prototype consists, in which case a core of 
consolidated material can be used. Both possibilities 
will be discussed below. 

It will further be assumed that the initial distribu- 
tion of oil and water can be simulated. We will now 
consider the individual production mechanisms. 


CoLp-WATER DRIVE 

The case of a given injection rate will be discussed. 
An analogous reasoning can be applied to the case of 
a given pressure difference; the results obtained are es- 
sentially the same. 

The similarity groups to be considered are: 


Ho Po Kkpw8 Vkb ang Pw 


bo 
not be discussed. Further it is convenient to write 

kow 
instead of 


- The group causes no difficulties and therefore need 


, because then the interaction 


. k w 
that probably exists between Pe and abel is removed. 


Since large fluctuations in Ap entail only small 


changes in this latter group is considered as in- 


Pw 
variable and will be deleted. Finally the values of ¢ 
and p, will be taken to be equal in prototype and 
model. 

We define a scaling factor y to be the ratio of the 
value of its argument in the prototype to that in 
the model. The subscripts , and ,. will further be 
omitted. 

With the above considerations the scaling conditions 
become: 


kApa\ _ vVk\ _ 


= y(p) = 1. 
These can be written in the more convenient form: 
2 


() = y(Apg Vk) = 


UNCONSOLIDATED SANDS 


Taking the same liquids in prototype and model, it 

can be seen that the conditions become: 
or, for instance, 
= y(k) = y(v") = y(e™) 

In the following we will assume that because of the 
experimental difficulties involved, y(g) = 1. Then one 
of the three groups must be deleted. 


and 


If this is chosen to be the Reynolds group pyVk the 
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two remaining conditions are satisfied by: y(k) SAV) 
= y(I*). Both the permeability and the velocity are 
larger for this model than for the reservoir by a fac- 
tor equal to the square of the length reduction. This 
makes it possible to use easily obtainable loose sands, 
and gives a convenient time scaling, namely y(t) = 
y(I*). Further it appears that y(p) = y(/). Thus the re- 
ductions in pressure and length become directly pro- 
portional. 


kApg 
If gravity forces may be neglected, the group ee 


is deleted and the conditions become y(/) = y(k) = 
y(v), which in general is impossible to realize because 
of the reducticn in permeability of the model and the 
high pressures to be used, since y(p) = y(v) = y(Z”). 

Deletion of capillary forces finally leads to: 

= y(k) = 1, 

independent of y(/). In this case experiments will last 
rather long. 

If it is permissible to use model liquids different from 
those in the prototype, the conditions: 


be cos 8 
(5) =. ( ] ) 
can be satisfied without omitting any groups, as ap ears 
from the following example: 


= 100) = = 43, 
y (Ap) = %, y(ecos 8) = 25. 


CONSOLIDATED SANDS 
If consolidated sands are used, y(k) = 1 and the 


general conditions are: 


which, obviously, cannot be satisfied if the model liquids 
are the same as the prototype liquids, unless capillary 
forces may be neglected, in which case y(v) = 1. 
If the liquids may be different, the design of a scaled 
model is feasible (compare example given above). 


HoT-WATER DRIVE 
Again we take 


1, y(¢) = y(p) = 1. 


Further it is assumed that the other material con- 
stants are invariable: 


y(pe) = =. (4) = = 1. 
The scaling conditions following from the remaining 
groups are: 


KAp Te VE 
k 
BY pvl 


Or: 


VV = y(Ap Vk) = y ( ) 
The last condition, stating that y(o cos 8) = y(I") 


cannot be fulfilled, so that one of the groups has to be 
omitted. 


If Reynolds’ group is deleted: 
y = = 


y(v cos = y = y(ApVk) = 


Or: 


PETROLEUM TRANSACTIONS, AIME 


| 
| 
| 
| 
= | 


cos 


Using the same liquids: 


1 1 
vk) =7(5). 


which is impossible. 
If different liquids are used, various possibilities ex- 
ist for loose sands, e.g. 
= = = y(v") = y(k*) = 
y(o cos @)* 
For consolidated sands y(k) = 1 and hence 


which cannot be done. se 
If gravity is negligible, it can be shown that E 
y(o cos = y(1"), 
if capillary forces are neglected: 
y(Appl’) = 1; 
both requirements cannot be met. 


SOLVENT INJECTION 


With a reasoning analogous to that given for the pre- 
ceding mechanisms, the scaling rules to be discussed 
can be reduced to: 


As y (D) = 1, the scaling rules are the same as 
those for the hot-water drive without capillary forces, 
which means that model experiments are impossible 
unless one of the groups is deleted. 

Deleting Reynolds’ group leads to: 


k 


The same fluids can be taken: ne 
Loose sand must be taken, however. 
Deleting gravity gives: 


Or: 


y(v) 


which is only possible if ». is increased appreciably. 


CONCLUSIONS 


1. A complete and detailed survey of the require- 
ments that dimensionally scaled models of oil reservoirs 
should fulfil, viz. equality of the values of the similarity 
groups in model and prototype, is presented for the 
three production mechanisms investigated. 

2. The procedure of deriving the similarity groups 
for displacement processes in porous media by means 
of inspectional analysis, completed by dimensional 
analysis, has advantages over the procedures used hith- 
erto,. namely those employing either inspectional or 
dimensional analysis. 

3. Dimensionally scaled models can be realized only 
if the average pore size need not be sealed, that is if 
the group //\/k can be deleted in the range of interest. 

4. A requirement for most of the practical models 
is that the influence of inertial forces is not significant 
in the range of interest, so that the Reynolds’ group 
can be left out of consideration. 

5. The question whether deletion of the Reynolds’ 


VOL. 207, 1956 


and possibly other groups is permissible has to be an- 
swered experimentally. 


6. The sets of dimensionless groups derived here are 
formally equivalent to sets of groups that are in com- 
mon use in other engineering sciences. There are two 
reasons why the groups derived here are preferred _ 
for two-phase flow through porous media: (a) most 
of the conventional groups are ratios of forces to 
inertial forces, which latter are expected to be of minor 
importance in porous media; and (b) in the conven- 
tional groups k does not occur. Since /k cannot be 


scaled, introduction of k by means of this group poses 
a difficult problem. 
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NOMENCLATURE 


LATIN 


A = symbolic representation of a set of thermo- 
dynamic properties. 
A,» stands for the scaling rule: “the graphs of 
dimensionless a against dimensionless b should 
be congruent for the prototype and for the 
model” (dimensionless) ; 
distribution factor of the interfacial force (di- 
mensionless) ; 
heat capacity per unit mass (J/kg °K); 
volume concentration (dimensionless) ; 
diffusion constant (m’/sec) ; 
functions describing the relation between the 
properties of fluids and dependent variables; 
they always contain A,, as a variable and 
have corresponding subscripts (dimension- 
less); 
acceleration of gravity (m/sec’); 
thickness of the sand (m); 
Leverett’s function (dimensionless) ; 
absolute permeability 
k, = relative permeability (dimensionless) ; 
1 = length of the sand (m) 
L = lithologic factor (dimensionless) ; 
p = pressure (N/m’); 
Ap = pressure difference between inflow and outflow 
faces of the sand (N/m’); 
= production rate (m*/m’.sec) ; 


> 
II 


q 
"7 = geometrical vector (m); 
S = saturation (dimensionless) ; 
t = time (sec); 
T = temperature (°K); 
v = flow or injection rate (m*/m’.sec) ; 
x = coordinate in direction of /(m); 


>< 


(dimensionless) ; 
y = coordinate in direction of h(m); 
Y= (dimensionless) ; 


coordinate in direction perpendicular to x and 
y(m). 


N 
ll 
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GREEK 


Qa 


B 


be 
8 


x 6-310 


= angle of inclination of the sand with respect to 
the horizontal (dimensionless) ; 

= thermal cubic expansion coefficient 

= scaling down factor (dimensionless); 

= viscosity (N.sec/m’); 

= wetting angle of fluid interface (dimensionless) ; 


t 5 
= = (dimensionless) 


thermal conductivity (J/m.sec°K); 
interfacial tension (N/m); 
‘density (kg/m‘); 

characteristic time (sec); 

porosity (dimensionless) ; 


mensionless) . 


SUBSCRIPTS 


= injection water; 

= cap rock; 

= concentration; 

= diluent, 

= diffusion; 

= outflow end of the sand; 
= initial; 

= mixture; 

= oil; 

= rock (except for D, and k,); 
= temperature; 


, = water; 


= coordinate in direction of /; 
= coordinate in direction of h, 
viscosity; 

interfacial tension. 
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similarity group for pore size distribution (di- 
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ABSTRACT 


The simultaneous solution of the volumetric balance 
and the unsteady-state equation has been used for sev- 
eral years to make performance calculations for com- 
bination drive reservoirs. This method makes possible 
the calculation of volumetric changes of fluids in the 
gas cap, oil zone, and aquifer which occur as a result 
of withdrawals and reservoir pressure changes. It does 
not provide a means for the determination of reservoir 
fluid distribution changes corresponding to these vol- 
umetric changes. A knowledge of the fluid saturation 
distribution in the reservoir at various stages of deple- 
tion is important for the determination of the efficiency 
of gas and water as oil-displacement media and, there- 
fore, for the reliable prediction of ultimate oil recovery. 
To provide this knowledge, the displacement equations 
are solved simultaneously with the volumetric balance 
and unsteady-state equations. The described calculation 
procedure has been used satisfactorily to analyze the 
past performance and to predict the future behavior of 
combination drive reservoirs under both primary and 
pressure-maintenance operations. 


ENCE RO TON 


The three basic mechanisms by which oil is displaced 
from a reservoir are: (1) dissolved gas drive—the dis- 
placement of oil by the expansion of liberated solution 
gas, (2) water drive—the displacement of oil by water 
which enters the oil zone from the aquifer, and (3) gas 
cap drive—the displacement of oil by gas which ex- 


Original manuscript received in Petroleum Branch office on Aug. 
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pands into the oil zone from the gas cap. 

The action of gravitational forces may be effective 
in increasing the efficiency of the basic drive mech- 
anisms. Gravitational forces favor the segregation both 
of gas and oil and of oil and water, thus tending to 
shorten the transition zone between oil and displacing 
fluids. 

Most reservoirs produce under the influence of a 
combination of these drives and are designated ‘“com- 
bination drive reservoirs.” Fig. 1 is a cross section 
of a typical combination drive reservoir. 

A calculation procedure for analyzing the perform- 
ance of combination drive reservoirs has been developed 
by combining the displacement equations* with the vol- 
umetric balance equation® and the unsteady-state equa- 
tions.** The pressure-production performance and the 
positions of the gas-oil and oil-water contacts are cal- 
culated for several stages of reservoir depletion by 
solving these equations simultaneously, thus affording 
a basis for: 

1. Determining instantaneous and ultimate oil, gas, 
and water production under various operating condi- 
tions, 

2. Establishing a maximum efficient rate of produc- 
tion, 

3. Determining the advantages of pressure main- 
tenance and unitization, and 


4. Designing surface installations necessary for pri- 
mary and pressure-maintenance operations. 


DEFINITIONS 


The calculation procedure for combination drive res- 


‘Reference given at end of paper. 
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SAT BUI 
ACOMING QUT OF TION 


Fic. 1 — Cross-SECTION OF A COMBINATION DRIVE 
RESERVOIR. 


ervoirs involves a determination of the produced fluid 
volumes and the ensuing changes in the reservoir vol- 
umes occupied by oil, gas, and water for a series of 
time intervals over the producing life of the reservoir. 
These time intervals are called periods. A period should 


THE VOLUMETRIC BALANCE EQUATION 


Vo Vv V~ v 
gross - cumulative 
oil zone + gas cap + water = cumulative production of oil and solution a gas Cap gas 
expansion ae influx gas production 
R, fo | 
free gas products cumulative cumulative 
+ from the remaining + free gas + water 
oil zone during the produced to production 
current period start of 
current 
period 
THE UNSTEADY STATE EQUATION 
Where: C=227¢chR’ 
THE EQUATIONS FOR THE CALCULATION OF THE DISPLACEMENT OF OIL BY Gas 
v 
Qn = 5.615 le Vo 1) Ae (x-1) V | (3-G) 
(n-1) 


volume of fluid 


include several pressure-survey intervals, a procedure 
which is necessary to prevent the displacement calcula- 
tions from becoming unwieldy. During each period, gas 
and water invade a portion of the reservoir which is 
designated a segment. Thus during the first period, 
Segment A is invaded by gas and water; during the 
second period Segment B is invaded; and so through- 
out additional periods and segments until all of the 
wells in the reservoir have been passed by either the 
invading gas or water front, at which time the res- 
ervoir is depleted. The uninvaded oil zone is that por- 
tion of the reservoir which has not been invaded by 
either gas or water at the end of the period under 
consideration. 

The changes in reservoir volumes occupied by oil, 
gas, and water which occur during the production 
process cause fluid saturation changes in the reservoir. 
As these changes are calculated for the end of each 
period, they are plotted on a saturation-distribution 
profile which shows the reservoir fluid saturations 
throughout the reservoir as a function of distance along 
the bedding planes from the original gas-oil and 
water-oil contacts. Typical saturation profiles for sev- 
eral stages of depletion are shown in Figs. 2, 3, and 4. 


BASIC EQUATION S-- 


gas cap gas production 


invading Segment A = gas cap expansion — during period from wells 


from the gas cap 
during the period 


volume of expansion during 
fluid invading _ period of gas in 


Vv 
V(n-1) 
volume of 

fluid invading 
any subsequent 


gas cap gas production 
during period from wells 
= the preceding + preceding segment — completed in preceding 


completed in the gas cap 


V 
oil production 
during period from 
— wells completed in 


segment during segment during at beginning of segment preceding segment 
the period the period period 
+o A V Uy Vig Uy Va 
(n-1) n Vv n (n-1) 


+ volume of gas liberated in the preceding segment during the current period 
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So(x-1) V V 


Vea (n-1) 


— shrinkage of oil in the preceding segment during 
the current period 


= 
Qtx 
ALisg) 
Where: 
dF, 
aS, 
And 
Ci 


Gtx 
= Ad X x dS, 
the distance a rate of total rate of change of fraction 
particular gas length fluid flowing of gas in the flowing stream 
saturation advances = of X cross-sectional With change in gas saturation 
along the bedding period area of flow 
planes during a period path 


bo K 


[i+ 
bo Kg 


_ 0.044C,K A Apsina 


bho 


THE EQUATIONS FOR THE CALCULATION OF THE DISPLACEMENT OF OIL BY WATER 


Ov, = 5.615 AZ 


volume of 

water invading gross water 
Segment A = influx during 
from the the period 
aquifer during 

the period 


V 
= On x-1) 5.615 AZ (x-1) 5.615 AN ¢x-1) 


volume of 
fluid invading 


volume of water volume of oil 
produced during produced during 


volume of 
fluid invading 


any subsequent = the preceding -— the period from — the period from 


segment during 
the period 


= 


segment during wells completed wells completed 


the period in the preceding ___ in the preceding 
segment segment 
Ons 
Ge Gre 


the distance 
a particular 


water saturation 


advances along 


rate of total rate of change of fraction 
length fluid flowing of water in the flowing 
= of X cross-sectional ~* stream with changes in water 
period area of the flow saturation 


the bedding planes path 


during a period 


Where: 


w Mo w 


C, = 0.044 C, K AAP sina 
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(5-G) 


(6-G) 


(7-G) 


(8-G) 


(3-W) 


(4-W) 


(5-W) 


(6-W) 


(7-W) 


(8-W) 
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THE EQUATIONS FOR THE CALCULATION OF THE POSITION OF THE GAs-OIL CONTACT 
AFTER THE FIRST PERIOD OF PRODUCTION 


L,= Ors — 5.615 A 8-4 V 
2 
Ve (n-1) Va n Vv n (m-1) 
Keone 1000 V \1000 
PRODUCED GAS-OIL RATIO = 
AFTER ANY SUBSEQUENT PERIOD 
Volume of = Volume of —[ Change in oil occupied — Oil production from all 
gas entering fluid enter- | pore volume in all pre- preceding segments during 
Segment X ing Segment | ceding segments during the period 
during the X during the period 
period the period 
7 
x-1 V V 
A Wo (m-1) V; n 
(n-1) 
— Shrinkage which occurred during the current period to ~ 
oil in all preceding segments at the beginning of the 
period 
0.044 K’ A 144 AP 
Qu, — 5.615 Age. v + = AG sit 
x San Sox 
Vv n Vv (n-1) Vie (n-1) V. n 
Where: 
g “a ( 7 A —~} Aésina aide f represents the gas migration to the gas cap from the remaining oil 
5.615 pg H v 


zone caused by gravitational segregation, Ap represents the average density difference between oil and gas in the 
remaining oil zone during the period, 144 AP/H represents the external pressure gradient tending to force gas 
into the remaining oil zone during the period, and f represents the fraction of migrating gas that is not intercepted 
and produced from wells completed in the oil zone. 


THE EQUATIONS FOR THE CALCULATION OF THE POSITION OF THE WATER-OIL CONTACT 
AFTER THE FIRST PERIOD OF PRODUCTION 


5.615 (Z-z) 


Y-W 


In = 


Where: 
P. represents the pattern efficiency, or the fraction of the segment which will be exposed to water influx, 


determined from reservoir geometry. 
AFTER ANY SUBSEQUENT PERIOD 


THE EQUuATIONS FOR THE CALCULATION OF THE GAS AND OIL SATURATION IN THE REMAINING OIL ZONE AT THE EN 
OF ANY PERIOD 


L, = 


u V u V 
v 
4 Uo Vs Uy Vs 2 
(n-1) 
(n-1) Ve n Vv n Vv 
Sia = fu V 
v 
Vv n v (n-1) 


( - 144aP 
p 


5.615 pe 
oA,L, 
5.615 fit 2 


CALCULATION PROCEDURE — PAST 
RESERVOIR PERFORMANCE 


PRESSURE PRODUCTION BEHAVIOR 


One of the purposes of calculating past performance 
is to provide a basis for making reliable predictions of 
future reservoir behavior. The calculation of past reser- 
voir pressure behavior is dependent upon obtaining 
values of the variables and constants in the volumetric 
balance and unsteady-state equations that are consistent 
with the geologic and production data and that give 
equal volumes of water influx for the two equations for 
all past pressure survey dates. A procedure for accom- 
plishing this is to solve the volumetric balance, Eq. 1, 
and the unsteady state, Eq. 2, equations simultaneously 
for each pressure survey interval during past perform- 
ance to obtain a value for the formation constant, C, in 
the unsteady-state equation. The values of C calculated 
in this manner should be approximately equal for all 
pressure survey intervals. If they are not, the least re- 
liable of the estimated and reported data should be ad- 
justed in accordance with the results of the calculations 
and known characteristics of the reservoir until the C 
values are approximately the same for all pressure sur- 
vey intervals. Then, these data may be used in pre- 
dicting future performance. 


The calculation of future performance involves esti- 
mating the oil, gas, and water production for the period 
in which the predictions are to be made. However, be- 
fore reliable estimates of production volumes can be 
made, it is necessary that the location of the gas-oil 
and oil-water contacts during this period be known. To 
provide a basis for calculating the position of these 
contacts at various times in the future, their positions 
during the past history of the reservoir are calculated 
and compared with actual field performance as de- 
termined from individual well production behavior. 


DISPLACEMENT OF OIL BY GaAs 


The efficiency of oil displacement by gas is affected 
by the amount of gravitational segregation between the 
two fluids that takes place during the displacement 
process. The amount of gravitational segregation is pro- 
portional to the length of time that is possible for this 
action to take place; therefore, the efficiency of oil dis- 
placement by gas is partially dependent upon the rate 
of gas cap invasion into the oil zone. The rate of flow 
of total fluid entering the oil zone from the gas cap dur- 
ing the first period is determined by solving Eqs. 3-G 
and 5-G. Then Eqs. 6-G, 7-G, and 8-G are solved for a 
range of gas saturations to calculate the advance, AL, 
of these gas saturation values into the oil zone during 
the period. The resulting values of AL corresponding 
to these gas saturation values are then plotted as the 
saturation-distance curve for the gas cap which has 
expanded into the oil zone as shown in Fig. 2. The 
distance that the gas-oil contact, L,, has moved down 
the bedding planes during the first period is calculated 
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(15) 


by solving Eq. 9-G, which equates the volume of gas 
invading and remaining in the oil zone to the volume of 
pore space represented by the area under the saturation- 
distance curve between the original and advanced gas- 
oil contacts. The determination of Ly, by Eq. 9-G in- 
volves a trial-and-error solution because Ly and S, are 
interdependent. 

The shape of the saturation-distance curve and the 
position of the gas-oil contact should now be determined 
from individual well performance data at the time cor- 
responding to the end of the first period in the perform- 
ance calculations. This can be accomplished by compar- 
ing actual gas-oil ratios of wells completed in Segment 
A with their calculated gas-oil ratios (Eq. 10-G) based 
on the gas saturation taken from the saturation-distance 
curve corresponding to the position of their completion 
interval in Segment A. If the actual gas-oil ratios are 
less than the calculated ratios, the actual gas saturations 
in Segment A are lower than calculated, which indi- 
cates that a lower displacement efficiency of oil by gas 
has actually occurred than is indicated by the calcula- 
tions. The differences in the actual and the calculated 
displacement curves may be rectified by introducing a 
conformance factor, C;, into Eq. 8-G, which has the 
effect of decreasing the value of the constant, C,. The 
distances that the gas saturation values, AL, move down 
the bedding planes during Period 1 are lowered by the 
reduction of C, which in turn decreases the saturation- 
distance profile. Thus calculated gas saturations in the 
invaded oil zone are reduced, which tends to bring to- 
gether actual and calculated gas-oil ratios. The value for 
the distance of advance of the gas-oil contact, L,, is 
then recalculated for the adjusted saturation-distance 
profile. At this point, the reservoir performance calcu- 
lations are complete for the gas-invaded portion of the 
reservoir during the first period. 


DISPLACEMENT OF OIL BY WATER 


The calculation of the saturation-distribution profile 
for the water-invaded portion of the reservoir during 
the first period is accomplished in the same manner as 
for the gas-invaded portion. The conformance factor 
calculated for gas displacement and a pattern efficiency 
factor (to account for the portion of the oil zone which 
is not invaded by water influx) are incorporated into the 
equation for calculating the position of the advanced oil- 
water contact. Eqs. 3-W, and 5-W through 9-W are 
solved to provide data for construction of the saturation- 
distribution profile for the water-invaded portion of the 
reservoir, as shown in Fig. 2. 


UNINVADED OIL ZONE 


As the reservoir pressure declines during the produc- 
tion process, solution gas is liberated from oil in the 
uninvaded oil zone, thus creating a gas saturation in this 
portion of the reservoir. This gas saturation causes an 
increased permeability to gas in the uninvaded oil zone 
and a reduction in the permeability to oil. The effect 
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is to impede the displacement of oil into the lower por- 
tion of the reservoir; exclusion of free gas from the 
producing wells may become impossible, and displace- 
ment by dissolved-gas drive instead of by gas-cap drive 
may become dominant. 

The adverse effects of reservoir pressure decline and 
release of dissolved gas may be overcome to a large 
extent if it is possible to produce the reservoir at a rate 
low enough to enable the oil movements throughout the 
reservoir to be dominated by gravity, thus permitting 
the liberated gas to flow upward to the gas cap by buoy- 
ancy. However, it is important under these circum- 
stances to produce only the wells completed in the low- 
ermost sections of the reservoir in order to prevent in- 


terception and production of the upwardly moving gas ~ 


released from solution. 

The gas saturation existing in the uninvaded oil zone 
at the end of the period under consideration can be 
calculated by solving Eq. 14. This value is plotted in the 
uninvaded oil zone portion of the saturation-distribution 
profile as shown in Fig. 2. 


ADDITIONAL PERIODS OF PAST PERFORMANCE 2 


If all of the production history for the reservoir has 
not been included in the first period of production, the 
next step in the calculation procedure involves the prep- 
aration of a saturation-distribution profile for each of 
the remaining periods of past production. 

The calculation of the saturation-distribution profile 
for any subsequent period requires an evaluation of the 
fluid saturation changes in the preceding segments as 
well as in the segment being invaded during the period 
under Consideration. The saturation changes which oc- 
cur in the previously gas-invaded portion of the reser- 
voir during subsequent periods of production are caused 
by the shrinkage of oil remaining behind the front and 
by the displacing action of invading gas. These two ef- 
fects occur simultaneously in the reservoir during the 
entire period. However, in the calculations, the oil sat- 
uration existing in the gas-invaded portion of the reser- 
voir is reduced by the amount of shrinkage which will 
occur as a result of pressure reduction during the period 
before the displacement calculations are made. This ad- 
justment is accomplished by multiplying the oil satura- 
tion at several distances from the original gas-oil con- 
tact, as read from the saturation-distribution profile for 
the preceding period, by the ratio of the differential 
shrinkage factors at the end and beginning of the pe- 
riod. After these values of oil saturation have been 
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plotted on the profile, an intermediate saturation-dis- 
tance curve is drawn as shown by the dashed line on 
Fig. 3. The oil shrinkage effect is not applied to the 
water-invaded segments because this effect does not in- 
crease the water saturation in the invaded segment. 

The final saturation-distance curve for the preceding 
segment is constructed by solving Eqs. 3-G, and 5-G 
through 8-G for the range of gas saturations which 
exist in the segment at the beginning of the period and 
adding the distances of travel of the gas saturations to 
the intermediate curve on Fig. 3. Similarly, the solu- 
tion of Eqs. 4-G through 8-G, and 12-G provide data 
for constructing the saturation-distance curve for the 
segment being invaded during the current period. The 
position of the gas front at the end of the period is ob- 
tained by solving Eqs. 11-G and 13-G. 

Eqs. 3-W through 8-W, and 10-W are solved by the 
same procedure as was used for the gas-invaded por- 
tion of the reservoir to obtain the saturation-distribution 
profile for the water-invaded portion of the reservoir 
during the period. 

Eq. 14 is used to calculate the gas saturation in the 
uninvaded oil zone at the end of the period under con- 
sideration. This value is plotted, and then the satura- 
tion-distribution profile is complete for the reservoir at 
the end of this period. Fig. 3 is a completed saturation- 
distribution profile for two periods of production. 


CALCULATION PROCEDURE — PREDICTION 
OF FUTURE RESERVOIR PERFORMANCE 


One of the purposes of extending the reservoir calcu- 
lations to cover the future operating life of the reser- 
voir is to determine the reservoir pressure behavior and 
ultimate recovery for several rates of oil production 
under primary operations and under pressure-mainte- 
nance operations by either gas or water injection. The 
calculation of future reservoir performance is accom- 
plished by solving the volumetric balance, the unsteady- 
state, and the displacement equations for a series of 
time steps in much the same manner as employed for 
past performance calculations. However, the calculation 
procedure for future periods of production is compli- 
cated by the fact that the reservoir pressure and fluid 
production history to the end of the period must be 
known to solve the equations. Therefore, a series of 
trial-and-error calculations are involved wherein the 
pressure and production volumes are estimated, the cal- 
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culations are made, and the results are compared with 
the estimates. If the two do not agree, the estimates are 
revised and the procedure is repeated until a satisfactory 
solution is obtained. Similarly, a solution is obtained for 
each succeeding period. 


A time interval is selected for the period under con- 
sideration, and the reservoir pressure at the end of the 
period corresponding to this time interval is estimated 
by extrapolating a pressure-cumulative withdrawal 
curve. In order to estimate gas-cap gas, free gas, oil, 
and water production volumes, it is necessary to know 
how far the gas and water fronts will advance during 
the period; therefore, an estimated saturation-distance 
profile is constructed for the period. The number of 
wells which will be passed by the fronts during the pe- 
riod is determined from this profile. The volumes of oil, 
gas, and water produced from these wells are estimated 
on the basis of the relative permeability and viscosity 
ratios corresponding to fhe average pressures and fluid 
saturations during the period. The volume of oil and 
free gas produced from the uninvaded oil zone is de- 
termined by the average number of wells in this portion 
of the reservoir during the period, the daily production 
rate, and the duration of the period. The amount of free 
gas produced from the uninvaded portion of the oil 
zone is also dependent upon the average gas saturation 
existing in the oil zone during the period, an estimate 
of which may be obtained by solving Eq. 14. 


Now the volumetric balance and unsteady-state equa- 
tions are solved for gross water influx. If the resulting 
values for water influx are not equal, the estimated res- 
ervoir pressure must be adjusted until agreement is 
obtained. 

After gross water influx has been determined, the 
displacement equations are solved to obtain a saturation- 
distribution profile. The procedure for this phase of the 
calculations is the same as that covered during the dis- 
cussion of the calculation procedure for subsequent pe- 
riods of past reservoir performance. In this case, it is 
assumed that the calculated profile will coincide with 
the estimated profile. However, if the two profiles do not 
coincide, a revised profile is drawn, new estimates of 
production volumes are made, and the calculation pro- 
cedure is repeated until satisfactory agreement is ob- 
tained between the estimated and calculated profiles. 


The procedure is repeated for each succeeding period 
of future prediction until the reservoir has been de- 
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pleted. The cumulative oil production at this point rep- 
resents the ultimate oil recovery from the reservoir un- 
der primary operations. 

The length of time required to obtain this recovery 
and the reservoir pressure behavior throughout the pro- 
ducing life of the reservoir have been determined. In the 
same manner the future performance of the reservoir 
may be analyzed at several different rates of oil, gas, 
and water production for both primary and pressure- 
maintenance operations. 

The authors recognize that certain of the mathemat- 
ical relationships included in this calculation procedure 
are not rigorous and, therefore, represent only an ap- 
proximation of flow and production characteristics in 
the reservoir during the production process. However, 
this calculation procedure has been employed to match 
satisfactorily the observed past performance of two 
large reservoirs that are approximately 50 per cent de- 
pleted and to predict their future performance under 
primary, gas return, and water injection operations with 
results that appear to be reasonable. 


NOMENCLATURE 
Symbol Description Units 
Ay Average cross-sectional area of sqft 
any segment 
C; Conformance factor fraction 
Cz Average connate water saturation fraction of 
pore space 
G Apparent compressibility of water cu ft/ 
cu ft/ 
lb/sq ft 
F, Fraction of gas in the flowing fraction 
stream in the reservoir 
Fe Fraction of water in the flowing fraction 
stream in the reservoir 
Gy, Reservoir pore space originally bbl 
occupied by gas 
G, Total volume of gas in any seg- cuftatP 
ment at end of period 
Re Cumulative gas-cap gas produced M¢ef at 
to end of period std cond 
gr Cumulative free gas produced Mcfat 
from uninvaded oil zone to end std cond 
of period 
H Vertical height between datum ft 
planes in the reservoir 
h Thickness of the reservoir ii 
K Absolute permeability of reservoir darcys 
rock 
Ky Relative permeability of reservoir fraction 
rock to gas 
K, Relative permeability of reservoir fraction 
rock to oil 
Ke Relative permeability of reservoir fraction 
rock to water 
Ke Effective permeability of reservoir darcys 
rock to gas 
[ie Length of any segment ft 
M, Slope of the In K,/K, vs S, curve 
M, Slope of the /n K, vs S, curve 
M,; Slope of the In K,/K,y vs Sy curve 
M, Slope of the In K, vs S,, curve 
Nu, Reservoir pore space originally oc- bbl 
cupied by oil 
n Cumulative oil production to end bbl STO 


of period 
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“Us 
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V/V; 


Average reservoir pressure at end 
of any period 

Original reservoir pressure 

An integrating function used in 
the unsteady-state equation 

Total volume of fluid invading 
any segment during period 

Rate of fluid invading any seg- 
ment during period 

Average outer radius of the res- 
ervoir 


Original dissolved gas-oil ratio 


Average gas saturation 
Average oil saturation 
Average water saturation 


Reservoir temperature 

Volume of original reservoir oil 
and its original dissolved gas 
reduced to any pressure P which 
yields a unit volume of stock- 
tank oil 


Volume of oil under original res- 
ervoir conditions which yields 
a unit volume of stock-tank oil 


Volume of original reservoir oil 
and its original dissolved gas 
reduced to the average pressure 
P during any period which 
yields a unit volume of stock- 
tank oil 

Volume of gas at any reservoir 
pressure and temperature per 
Mcf of gas at std cond 


~ Volume of gas at original reser- 


voir pressure and temperature 
per Mcf of gas at std cond 


Volume of gas at the average res- 
ervoir pressure and temperature 
during any period per Mcf of 
gas at std cond 


Differential shrinkage factor, vol- 
ume of saturated oil at any re- 
duced pressure and reservoir 
temperature per unit volume of 
saturated oil-at reservoir pres- 
sure and temperature 

Differential shrinkage factor, vol- 
ume of saturated oil at the av- 
erage reservoir pressure and 
temperature during any period 
per unit volume of saturated 
oil at reservoir saturation pres- 
sure and temperature 

Gross water influx 
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psi ga 


psi ga 


cu ftatP 


cu ft at 
P/day 
ft 


cu ft of 
gas at std 
cond/bbl 
STO 
fraction of 


pore space. 


fraction of 
pore space 
fraction of 
pore space 
°F 

bbl at P 
and T,/bbl 
at std cond 


bbl at P, 
T,/bbl at 
std cond 
bbl at P 
and T,/bbl 
at std cond 


bbl at P 


and T,/ 
at 
std cond 
bbl at P, 
and T,/— 
Mcf at 
std cond 


bbl at P 
and T,/ 
Mcf of gas 
at std cond 


bbl at P 
and T,./ 
bbl at P, 
and T,. 


bbl at P 
and T,/ 
bbl at P, 
and T, 


bbl 


Cumulative water produced to end bbl 
of period 

Angle of dip of bedding planes 

Prefix used to denote change dur- 
ing a period; also used to de- 
note difference between two 
values 

Total elapsed time since initial 
production 

Viscosity of reservoir gas at P cp 
and T, 

Viscosity of reservoir oil at Pand cp 

Viscosity of reservoir water at P cp 
and T, 

Density of reservoir fluid at P 
and T, 

Porosity 

The bar over a symbol is used to 
denote an average value dur- 
ing the period 


degrees 


days 


lb/cu ft 


fraction 


Subscript 


A, B, O,... 


x-1 


Denote specific segments in the reservoir 

Denotes segment preceding one currently 
being invaded by gas or water 

Denotes segment currently being invaded by 
gas or water 

Denotes specific time periods, where , rep- 
resents the current period 

Denotes uninvaded oil zone 
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An analysis for predicting the behavior of reservoirs 
exploited by a combined gas drive and gravity drain- 
age mechanism is presented. The method allows the 
prediction of gas-oil ratio, oil production rate, and 
cumulative oil recovery for high relief pools in which 
pressure is maintained either by gas injection in the 
crest of the structure or by a combined gas and water 
injection program. The reservoir is represented by a 
model of communicating vertical prisms, with produc- 
tion or injection at the upper or lower boundaries of 
each prism. The theory of macroscopic gravitational 
segregation of two fluids within a reservoir is discussed 
in detail for all ranges of saturation. A description of 
an application of the analysis to a typical field problem 
is also presented. 


IN-DR ODE CT LON 


The importance of gravity drainage as a producing 
mechanism has become more evident during recent 
years. However, many of the reservoir engineering 
methods which have been used in the past for predict- 
ing the behavior of reservoirs producing by this mech- 
anism have required such drastic, simplifying assump- 
tions that the calculated performance in some cases does 
not resemble the actual pool behavior. 


The mechanism of fluid displacement in porous 
media has been described by Buckley and Leverett,’ and 
a simplified “one zone” method based on this develop- 
ment has been used by engineers to evaluate the per- 
formance of gravity drainage pools. Welge’ has modi- 


Original manuscript received in Petroleum Branch office on Sept. 
7, 1955. Paper presented at Petroleum Branch Fall Meeting in New 
Orleans, Oct. 2-5, 1955. 

‘References given at end of paper. 


136 


fied this approach so that the calculation time has been 
markedly decreased. In addition, many other authors*” 
have analyzed various phases of the gravity drainage 
producing mechanism during the past several years. 

In a high relief reservoir in which gravity may af- 
fect the recovery mechanism, there are two main types 
of exploitation programs which can be employed: 

1. Reservoir pressure is maintained by injecting gas 
into the upper portions of the reservoir. In this case gas 
is not released from solution and, if dynamic pressure 
drops are small compared to the total pressure of the 
system, the gas and oil may be considered to be im- 
miscible and to have constant fluid characteristics. 

2. Reservoir pressure is not maintained and a “nat- 
ural depletion” mechanism prevails. The term “natural 
depletion” can be used to describe the production his- 
tory of a reservoir in which a gradual decline of aver- 
age pressure and the associated release of solution gas 
continue throughout the producing life. In this mech- 
anism gas is released throughout the reservoir and there 
is a continuous change in the characteristics of both 
the gas and the oil phases. 

It is the purpose of this paper to present the results 
of mathematical developments by which a method has 
been devised for evaluating the performance of reser- 
voirs which are depleted by the first type of exploita- 
tion program discussed above. It should be mentioned 
that, although throughout the analysis gas and oil rep- 
resent the two fluids existing in the reservoir, the 
method is equally applicable to gravity drainage in 
water-oil systems. 


STATEMENT OF PROBLEM 


In reservoirs of pronounced structural relief, where 
the closure of the oil section is great or the angle of 
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formation dip is large, the mechanism of gravity drain- 
age may be an important factor in determining pool 
performance and ultimate oil recovery. Gravity effects 
are particularly beneficial if the oil viscosity is low and 
the formation has a high permeability and favorable 
relative permeability characteristics. Under these condi- 
tions there exists a strong tendency for co-existing oil 
and gas or oil and water to segregate, due to the dif- 
ference in density between the phases. The oil saturation 
over large portions of the reservoir may reach low 
values so that the ultimate oil recovery may be sub- 
stantially greater than would be attained without grav- 
ity drainage. The action of gravitational segregation 
may occur whether the reservoir is produced by straight 
depletion or by a program of pressure maintenance with 


gas and/or water injection. ae 


The purpose of the work covered by this paper was 
to develop a reservoir engineering method which would 
permit the evaluation of pool behavior for reservoirs in 
which gravity drainage is an important part of the pro- 
ducing mechanism. Such a method has been developed 
for the case when the average reservoir pressure is 
maintained constant by gas injection over the major 
portion of the field’s producing life. 


For purposes of computation the reservoir is con- 
sidered to be divided into a number of zones by horizon- 
tal planes. It may then be represented by a model in 
which each zone is a right prism having the same 
volume and vertical dimensions as the field prototype. 
To account for the geometric distortion, a mathe- 
matically reduced permeability is used in the calcula- 
tions such that flow conditions in the model properly 
represent those in the field. Gas is considered to be in- 
jected into the upper zone in accordance with field op- 
erations, and oil production is withdrawn from various 
zones in the model to represent distributed production 
as it actually occurs. The zone subdivisions also allow 
a more accurate representation of the field since changes 
in- volume, cross sectional area, formation dip, and 
other reservoir properties can be treated in their proper 
perspective. 


Equations of flow for both oil and gas may be de- 


veloped when fluid characteristics and reservoir proper- 


ties are considered to be uniform within a given zone. 
From these flow equations other formulas may be de- 
rived for the propagation velocities of saturations with- 
in a given zone. By using these equations, the progress 
of the injected gas is calculated. The saturation distribu- 
tion thus computed takes into account both the driving 
or displacing action of the gas and the gravity drain- 
age of oil in the gas-invaded region of the reservoir. 
As a gas front passes any level from which oil is being 
produced (the lower boundary of a zone), the result- 
ing gas-oil ratio for that portion of the field can be 
computed. If desired, the zone can be shut in so that 
no excess gas will be produced. In this manner the gas 
front is traced until it arrives at the lowest production 
level in the gravity drainage system. Predictions may 
then be continued as the gas-oil ratio increases. 

The field’s producing life, both past and future, is 
divided into increments of time, and constant average 
values of withdrawal rate and injection rate are used 
for each time period. Variations in withdrawal and in- 
jection rates may be represented in a stepwise manner— 
the rate being constant within a given time period, but 
different for successive periods. The choice of the num- 
ber of time periods, which directly affects the number 
of calculations, is determined by variations in injec- 


VOL. 207, 1956 


tion or production rates and is influenced by the degree 
of accuracy desired. ; 

The following sections of this paper cover the as- 
sumptions used in developing the analysis, the details 
of the mathematical developments, the results of an 
example application to a practical field problem, and 
other discussions pertinent to the gravity drainage pro- 
ducing mechanism. 


The analysis to be described in subsequent sections 
is based on the following assumptions: - 

1. Reservoir pressure is maintained by gas injection 
in a range such that all fluid characteristics can be 
considered constant. 

2. The reservoir is represented by a model of prisms 
(zones) such that flow parallel to the bedding planes in 
the formation can be considered as vertical in the 
model. 

3. The effects of capillary pressure on flow phe- 
nomena are neglected. 

4. Injection (including any water influx) in reservoir 
volumes and total withdrawals in reservoir volumes are 
equal at any time. S 


5. Injection and withdrawals are so distributed that 
average values of pressure and saturation at any level 
can be used as satisfactory approximations of actual 
values at that level. 


6. Distributed injection and production in the field 
are concentrated at zone boundaries in the model (the 
boundaries are horizontal planes corresponding to con- 
tour levels in the field). 


IDEALIZATION OF RESERVOIR GEOMETRY 


In the use of this method the actual reservoir zone 
divisions are replaced by a set of right prisms, stacked 
vertically (Fig. 1). Each zone in the idealized reser- 
voir model has the same volume and vertical dimen- 
sions as the field prototype. This idealization facilitates 
the calculations and does not introduce any errors if 
suitable transformations are made in the mathematical 
equations governing flow. 

As a first approximation it is assumed that the reser- 
voir characteristics are sufficiently uniform at a given 
depth so that each zone may be considered as having 
constant average values of permeability, porosity, dip 
angle, cross sectional area, and other properties. Fur- 
thermore, it is assumed that the production and injec- 
tion program under conditions of pressure maintenance 
will be such that, at any one time, pressure and satura- 
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tion will be essentially uniform at a given leve]. That 
is, the pressure and saturation may be considered as 
functions of time and depth. (It has been stated pre- 
viously that this analysis is applicable only where the 
average reservoir pressure remains essentially constant. 
However, this does not preclude pressure variations 
with depth due to hydrostatic and flowing gradients. ) 

Fig. 2 shows a side view of an element of volume 
between two levels with pressure p at the upper level 
and p+ A p at the lower level. The liquid flow across 
the horizontal element of area A A may then be de- 
termined the generalized Darcy’ s law. 

INO, = fe) KAA = sin 

Substitution of 3 L = sin 6 summing 
around a constant level over the area A yields 

= —(kyo/po) S(KAA sin’) D — p.E) (2) 

By introducing the concept of a “mathematically re- 
duced permeability” defined as k, = _ sin’@/A 
Eq. 2 becomes 


The equation for flow of the gas phase is 


Eqs. 3 and 4 are the formations of Darcy’s law for 
the model reservoir in which a reduced permeability 
is used to compensate for the geometric distortion. 


THE EQUATION OF FLOW 

Further developments, based upon Eqs. 3 and 4, are 
necessary to obtain formulas to be used for calculation 
purposes. It is convenient to use a quantity F,, which is 
proportional to the volume rate of liquid flow and 
which is defined as F, = U,/f., A. By use of the addi- 
tional substitutions 

(5) 


O— = aid A, = be 
Eqs. 3 and 4 can be written in the form 


By elimination of Q in Eqs. 6 and 7 and substituting 


k,=2./k, , and kj = 
the following basic flow equations are obtained: 
The quantity F is proportional to the “throughout 
rate” i.e., the total volume rate of flow at a given level. 
Since withdrawals are made only at zone boundaries, 
F is constant for a given zone during any particular 
time period during which injection and withdrawal for 
each zone are constant. Furthermore, since the fluid 
characteristics and rock properties are constant for a 
given zone, the coefficients a and b are also constant. 
The parameters k, and k, are functions of saturation 
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only. Then, for a constant F, both F, and F, are func- 
tions of saturation only within a given zone. 

An immediate conclusion can be drawn using Eq. 
9 in regard to the oil saturation in the top zone. In 
the upper boundary of this zone F, = 0 and F; = F. 
Since the factors, F, a, and b are not negative or zero, 
then k. = k, = 0. This implies that S, is not greater 
than S,, at the boundary. Therefore, S, = S,, at D = 0 
for all times after injection of gas is begun. 

Other observations of the significance of various 
terms of Eg. 9 reveal that the term Fk, represents 
oil flow due to gas drive, and the term abk, represents 
oil flow due to gravitational segregation. In addition to 
solving for the needed factors, volumetric velocities of 
the oil and gas phases, as a function of saturation, Eq. 
9 may be used in connection with Eq. 6 to solve for the 
flowing pressure gradients through the model. This fac- 
tor is obtained from the quantity Q which is the dif- 
ference between the flowing and hydrostatic pressure 
gradients in the oil phase. 

A typical plot of the function F,(S,) in Eq. 9 is il- 
lustrated in Fig. 3. This plot shows four significant 
ranges of saturation: first, S,,, the residual oil satura- 
tion, to S,, the saturation for which F, = F; second, 
S, to S,, the saturation at which F, is a maximum; 
third, S, to S., the saturation at which gas first starts 
to flow; and fourth, S. to S, = 1. The saturations S,, 
and S. are determined from relative permeability curves; 
the saturation S; is determined graphically by construc- 
tion of a tangent to the F,(S) curve passing through 
the point (1,F). The reason for this construction and 
a detailed explanation of S; will be given later. 

The physical significance of these four ranges may 
be ascertained from F,(S,) and its derivative with re- 
spect to S,, F.’ (S,). The derivative is equal to the 
velocity with which a constant S, moves. This fact is 
proven from the foilowing considerations. By assum- 
ing pressure maintenance in such a range that phase 
properties may be considered constant, the material 
balance requirement for the oil phase is 

Since S, = S,(D,t) in the invaded region, a constant 
S, moves with speed 


(42) = + abk, = F.’(S.) 
Thus the plots of Eqs. 9 and 12 reveal that: 
In Range I, both oil and gas phases flow down- 
structure (i.e., F, and F, are positive), and the posi- 
tive value of F.’(S,) indicates that a saturation S, 
is moving downstructure. (This is realized in natural 
depletion with decreasing pressure when injection and 
expansion above depth D are sufficient to drive both 
phases downstructure. ) 


In Range II, gas is in upstructure counterflow, 
but a saturation S, is still moving downstructure. 
(This is realized in natural depletion when gas be- 
gins to segregate upwards against the flowing oil.) 

In Range III, F.’(S,) is negative. Hence a satura- 
tion S, is moving upstructure. (This is realized in 
natural depletion when a decrease in throughout 
rate reduces the drive due to expansion and injec- 
tion to permit gravitational segregation to overcome 
depletion.) 


In Range IV, the gas phase is immobile: F, = F. 

If F is sufficiently large that there is no saturation 
for which F, exceeds F, then S, = S., so that Ranges 
II and III are eliminated. This is the case for a hori- 
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zontal reservoir, or for natural depletion in a gravity 

drainage reservoir where withdrawal is not reduced 

rapidly. 

The downward movement of the gas zone may be 
described graphically by a saturation distribution plot 
as shown in Fig. 4. The oil saturation, S,, is plotted 
against depth, D, and each saturation moves downward 
__with a speed which is a function of S,. Vectors are 

drawn at points along the curve to illustrate the rela- 
tive velocities of various saturations. At some later 
time the saturation distribution plot will be as shown 
by the broken curve. 


THE DISCONTINUITY IN SATURATION E 

A discontinuity in saturation is shown in Fig. 4, 
at the front of the invaded region. The velocity v,; of 
a discontinuity from S, to S,>S; is determined by use 
of the material balance for oil phase, initial content 


+ inflow = final content + outflow, for an element of_ 


length AD through which the discontinuity passes in 
time At: 
SifrAAD + F.(S:)frA At = Stf-A AD + fA 
Hence 
This may be interpreted that the front moves with 
velocity equal to the slope of the secant joining the 
points (S;, Fs(S;)) and F, (S:)) on the curve of 
F,(S,). This may be referred to as the “secant speed” 
of S,, while the velocity F.’(S.) of a saturation S, 
within the gas-invaded region may be called the “tangent 
speed”. 

For the special case S, = 1, Eq. 14 becomes 

stating that the velocity of the front saturation S;, is 
numerically equal to the slope of the secant from (S;, 

Considering the first zone, into which gas is injected 
at the top, a saturation S, within the invaded region at 
some time ¢ in the first time interval is at position D(S,) 
determined by integration of Eq. 12: 


D(S.) =|. F/(S,)dt = 1F/(S:). (16) 
(0) 


(14) 


Equating total gas content and gas injected and sup- 
pressing the factor /,A, 


D(S 
JO 
Substituting for dD(S,), its value tF,” (S,), it follows 


This states that the tangent to F,(S,) at S; passes through 
the point (1, F), as shown in Fig. 3. Further, this de- 
termination of S; is independent of the time ¢, so that 
S; is a “stable” front saturation, i.e., it does not change 
in the time interval during which F is constant. 

If S; is in Range I, this is the tangent construct em- 
ployed by Welge.’ A second front saturation, S;,,, in the 
range of saturations to the right of S, in Range III may 
also be determined by the tangent construct method. 
This second front saturation, S;,,, corresponds to the oil 
saturation at the front of the gas-invaded region from 
gas injected downstructure, segregating upward against 
the oil flow. 


APPLICATION OF THE VELOCITY AND FLOW 
EQUATIONS TO THE MopEL RESERVOIR 


CHANGE OF THROUGHPUT RATE 


If at time ¢ the throughput rate is increased, then the 
front saturation S;,, changes instantaneously to a new 
value S,,,, determined by Eq. 18, using the values of 
F,(S,) and F,’(S,) determined by the new F if F is suf- 
ficiently large. All saturations S, <S;,,; travel with new 
speeds F’,’(S,) from their positions at timet, and all sat- 
urations S, between S;,,; and S;,, travel with speeds 
F,’(S,) from the position of S;,; at time 


If at time ¢ the throughput rate is decreased, then an 
unstable front is developed, in which S;,,; decreases from 
its value at time ¢ to approach asymptotically the new 
value which satisfies Eq. 18. 


Suppose that at time T > ¢ a front saturation, S_, is 
at position D and a smaller saturation, S,, is at position 
D, above D in the same zone. The speed, vr, of the 
front is given by Eq. 14. The speed of any saturation 
within the invaded region is given by Eq. 12. Suppose 
at time JT + AT the saturation S, from the invaded re- 
gion becomes the front saturation at position D; + AD 
and the speed of the discontinuity (or front) is then 
Ve, from Eq. 14. Then for a small AT the average 
speed v;,,vz Of the front during the time interval AT is 
(V1.1 + Vs,2)/2, a satisfactory approximation for calcu- 
lation. Since S$, moves through the distance D; + AD — 
D in the invaded region at speed v = F,’(S,), and the 
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front moves through distance AD, in time AT, it fol- 
lows that 
Ver — Ve,avg 
From a plot of S; vs D; (covering the range of sat- 
urations between the front saturation at time ¢ and the 
ultimate front saturation indicated from Eq. 14 and a 
plot of D, vs t (obtained by solving Eq. 19 and 20 over 
relative short intervals) the saturation and time of 
gas breakthrough at the bottom of the zone can be 
determined. 


DOWNSTRUCTURE INJECTION 


Although the case of downstructure injection is sel- 
dom encountered, a discussion of the method of hand- 
ling this case is presented below so that all possible 
situations within a zone may be considered before deal- 
ing with the problem of passage across zone boundaries. 
In the absence of downstructure injection this section 
of the analysis would not be needed and only the fol- 
lowing section on “Passage Across a Zone Boundary” 
would be required to complete the analysis. 


Saturation profiles for the case of downstructure 
injection are shown in Fig. 5. The curves labeled “1” 
show schematically the saturation distributions before 
the two discontinuities meet. The oil flow rate above D, 
(moving downward) results from upstructure injection 
and withdrawal, and is calculated by Eq. 9 for satura- 
tions in Range I. The oil flow rate below D. (moving 
upward) results from downstructure injection and is also 
calculated from Eq. 9. 

From Fig. 3 it may be seen that the maximum pos- 
sible gas flow rate upward is 

If the quantity of gas injection is greater than this 
value, the excess gas flows downstructure into the next 
lower zone and the range of saturations moving upward 
in the invaded region is from S;,, (determined by the 
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tangent construction in Range III) to S,. If less gas is in- 
jected than can segregate upward, then the range of sat- 
urations moving upward in the invaded region is from 
the front saturation, S;,, to some S, > S,, correspond- 
ing to the oil flow rate at the lower boundary deter- 
mined from Eq. 22. 


This equation was developed from Eq. 10 in which the 
substitution — i,/f,A was made for F;. 

In order to find the saturations and positions of the 
front after the two fronts have met, the character of the 
new front must first be determined. Let S;,, be the sat- 
uration in Range I moving downward when the two 
discontinuities meet at depth D, at time t, as shown by 
Curve 2 in Fig. 5. At that instant, the lowest saturation 
of the front discontinuity changes from S;,q to a value 
S,, moving with speed given by Eq. 23, 

Si 
Writing the material balance for the oil phase (neglect- 
ing differentials of higher order), for an element of 
volume of length AD through which the front moves 
in time At, and removing the common factor f,A, 


D; + AD 
d(AD) At FoGSzu) 


(23) 


Stu AD + AtF,(S:,4) = | 


5 

Substituting for d(AD) its value from Eq. 15, and for 

AD the value vAt, there results 


(25) 
in which S, can be determined by trial. 

The behavior of the discontinuity as a function of 
time can be effected by trial as follows: Suppose that 
Curve 2 in Fig. 5 represents a known saturation distri- 
bution within the zone at some time ¢. The discontinuity, 
from a saturation S;,, to a saturation S;,, (known val- 
ues), is at Dy. 

Assume that some saturation S,; on Curve 2, at posi- 
tion D; at time t, becomes the upper limit of the discon- 
tinuity at some unknown time ¢ + At, at an unknown 
depth D; + AD. Select a trial value S, for the lowest 
oil saturation within the discontinuity at time t + At. 
Let v;,, be the speed of the known discontinuity at time 
t, Vr. be the speed of the assumed discontinuity at time 
t + At, both calculated by Eq. 14, and let v,,, be the 
average speed. Then 


and 
from which 
D; D, 


View 
Using Eq. 12 to determine the speed at which any sat- 
uration S, < S;q moves from its position on Curve 2, the 
particular S, which reaches D, at time tf + At can be 
determined. A saturation S,(S; << S,; < Sim) was at posi- 
tion D; + AD at time t. For approximate calculations, 
average F., values can be used to determine oil flows, 
and average saturation values can be used to determine 
oil content. Then the oil saturation of the element of 
volume of length AD changes from %2(S,, + S,) to 
a(S, + S.), while inflow is AtF.f,A, where F, = 
A[F.(Sra) + F(S.)], and outflow is AtF.f,A, where 
F, = + F(S;)]. Although laborious, this 
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method permits determination of an S, corresponding 
to a selected S;, or, conversely, determination of a value 
Ss corresponding to a selected S,. If Curve 2 shows a dis- 
continuity in slope at some point above D,, selection of 
S, and trial determination of S, is indicated. A formal 
treatment of this calculation is feasible, provided correct 
calculation for cases of discontinuity in slope on Curve 2 
is provided. 


PASSAGE ACROSS A ZONE BOUNDARY 


The construction of the model results in a discontinu- 
ity in area at zone boundaries. Let values applicable at 
the lower boundary of the upper zone be designated by 
subscript 1, and values at the upper boundary of the 
lower zone by subscript 2. Let the total production rate, 


g:, (equal to gas production q,,, plus oil production q.,,) — 


be constant during the time interval when F, is constant. 
Then 


Let a sequence of saturations, S,,, reach the bottom of 
the upper zone at times t,, k = 1,2... . The through- 


put rate, F, can be determined by Eq. 29. With a total 
production rate given, a reasonable assumption of flow- 
ing gas-oil ratio must be made before Eqs. 30 and 31 
may be solved. 

Assumption 1: Let the flowing gas-oil ratio be equal to 
the gas-oil mobility ratio. 

Then q,,, equals g,k.(S,..), at time t,. Hence F,.. may 
be calculated from Eq. 30 at each time f,. The oil satu- 
ration at the upper boundary of Zone 2 may then be 
determined as a function of time from a plot of F,,. vs t. 

To follow the front and saturation profile through the 
second zone, it must be ascertained if a stable or an un- 
stable front exists. If S,. is less than S;,.* then a stable 
front exists and saturation distributions within-Zone 2 
may be found as a function of time and depth by 
the procedure outlined in the section on “Change in 
Throughput Rate”. If exceeds then the unstable 
front condition arises immediately and saturation distri- 
butions as a function of time and depth within Zone 2 


must be found by the procedure outlined in the section ~ 


on “Change in Throughput Rate”. 


Assumption 2: The production rates of oil and gas from 
the reservoir are proportional to flows of oil and gas 
to the boundary. 

This implies = 9,(F./F). With known, the 

procedure for finding the saturation distributions as a 
function of time and depth within Zone 2 is identical to 
that outlined in Assumption 1. 
Assumption 3: Let S, be continuous across the bound- 
ary. F...(S) can be calculated from Eq. 9. The with- 
drawal rate for oil phase, q.., can be calculated from 
Eq. 30. Gas flowing from the reservoir will then be 
G: — Go. Calculations of the saturation distribution for 
Zone 2 as a function of time and depth then follow the 
same procedure as explained in Assumption 1. 

In the use of this, or any other, gravity drainage 
analysis to reproduce past pool performance and to 
predict future behavior there are two important con- 
siderations. First there is the problem of setting up the 
calculations in a manner such that the average satura- 
tion history of all levels in the pool can be evaluated. 
The accuracy of the saturation history determination iS 
dependent on the method of analysis and the reliability 


*S¢.o is calculated from the tangent construct to the Fo (32 func- 
tion as was explained in the use of Ea. 18. 
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of data on formation and fluid characteristics, pool 
geometry, and relative permeability behavior. Second is 
the problem of calculating produced gas-oil ratios. (As 
is pointed out above, the gas-oil ratio influences the 
over-all flow of oil and gas through the reservoir and, 
therefore, affects the saturation history throughout the 


pool.) Even if the saturation is known at a particular ~ 


level in a reservoir at constant pressure, the gas-oil 
ratio may be difficult to reproduce by an arbitrary math- 
ematical method. Formation heterogeneities that lead to 
non-uniform distributions of gas and oil at a producing 
location and the fact that the drainage areas for gas and 
oil around a well differ in a dipping reservoir are typi- 
cal causes for these difficulties. It is for this reason that 
the three approaches to the calculation of gas-oil ratio 
are presented above as possible methods for use in spe- 
cific pool studies. In some cases it may be necessary to 
set up an arbitrary relationship between saturation and 
gas-oil ratio to account for the effects of well workover 
operations which may reduce producing gas-oil ratios 
below what the saturation conditions would indicate. 


APPLICATION 


Although this analysis has been used on several com- 
plete pool studies, only a brief description will be given 
here of its application to a portion of the history of the 
Mile Six pool (Peru). The first 12 years of history 
(1934-1945) were considered in the test calculations. 
During this period, pressure was maintained essentially 
constant by gas injection near the crest of the structure. 
Produced oil and gas histories were divided arbitrarily 
into two periods, 1934-1937 and 1938-1945. Constant 
average injection and withdrawal rates were used for 
each period, a fixed per cent of the total withdrawal 
rate being assigned to each zone. No zones were shut in 
because of high gas-oil ratio. 

The following steps describe the application of the 
analysis: 

Step 1. The reservoir was divided into five zones of 
equal depth. The parameters of the model reservoir 
(zone thickness, cross sectional area, and reduced per- 
meability) were then determined. Tables of F,(S,) and 
F./(S.) vs S, were calculated for both time intervals by 
Eqs. 9 and 12 for 1 per cent saturation increments, from 
S, = 0.8 to S,.. The throughput rate used for each zone 
was equal to gas injection rate at the top of the reservoir 
decreased by the sum of the withdrawal rates from all 
higher zones. 

Step 2. The “stable” front saturations were deter- 
mined by the tangent construct method, for both values 
of F for each zone. 

Step 3. The speed of each saturation in the invaded 
region in Zone 1 was used to determine when each sat- 
uration arrived at the bottom of Zone 1 in the first time 
interval. Plots of S, vs t and F,(S,) vs t at the bottom 
of Zone 1 were then constructed. The gas front reached 
the bottom of Zone 1 in March, 1934 (Point 1, Fig. 6). 
Until that time, g, = q for all zones. 

Step 4. Using the assumption qo = Az/ equiv- 
alent to q, = qk., the oil phase withdrawal rates at the 
bottom of Zone 1 were calculated. Values of F, vs ¢ at 
the top of Zone 2 were then calculated, using Eq. 30. 
From plots of F, vs t and F, vs S,, a plot of S, vs t at 
the top of Zone 2 was constructed. Then the times at 
which the first S, and lower, tabular values of S, started 
from the top of Zone 2 were determined. The first S, at 
the top of Zone 2 was greater than the stable frant sat- 
uration for that zone. The passage of a varying, unstable 
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front through Zone 2 was calculated by use of Eqs. 19 
and 20. 

The gas front reached the bottom of Zone 2 in March, 
1935, (Point 2, Fig. 6). The time of breakthrough and 
the front saturation at breakthrough were determined 
by plotting front saturation vs depth and location of 
front vs time. 

Step 5. A determination of front saturation, and fol- 
lowing tabular values of saturation vs time, was made 
for the top of Zone 3; the unstable front was then traced 
through Zone 3 in the same manner as described in 
Step 4. The front reached the bottom of Zone 3 in 
Nov., 1936 (Point 3, Fig. 6). 

Step 6. Similar calculations were made for Zone 4 
until the end of the first time interval, when throughput 
rates were changed. Positions of all tabular values of S, 
within each zone were then calculated. 

Step 7. Using the precalculated tables for the second 
time interval, calculations were continued. Breakthrough 
at the bottom of Zone 4 was in Oct., 1940 (Point 4, 
Fig. 6). 

Step 8. Using the values of g, vs t at the bottom of 
each zone, production rates (Fig. 6) and cumulative 
production (Fig. 7) were calculated. Using g, = q — 
qo, gas-oil ratio was calculated in a routine manner. 

Moyar ~* reports a gas-oil contact of —2,390 ft on 
Jan. 1, 1946. The calculated position at that time was 
at —2,342 ft. 


CON CLUS LONS 


As a result of the mathematical development of the 
gravity drainage analysis and its application to field 
problems, the following conclusions can be drawn: 

1. A practical method has been developed which 
allows the prediction of pool behavior for gravity drain- 
age reservoirs where pressure is maintained constant by 
gas injection. 

2. The method is adaptable to the evaluation of pool 
performance for the case when gravity effects are sig- 
nificant in the displacement of oil by water. 

3. The gravity drainage technique can be used by 
field engineers, and desk calculators are sufficient to 
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handle the calculations involved. However, large por- 
tions of the analysis are adaptable to the Card Pro- 
grammed Calculator, resulting in a large saving of 
computing time. 


NOMENCLATURE 


Symbol Description Units 
a reduced permeability divided by re- 
duced porosity k,/f, 
A horizontal area of dipping bed ft 
b difference in hydrostatic pressure 
gradients of oil and gas phases 


pos — psi/ft 
D _ vertical distance medsured from the 
top of the reservoir ft 
1 
conversion factor 144% 5.6146 
reduced porosity (porosity — con- 


nate water saturation) /5.6146 

F volumetric velocity of flowing 
phases U/f,A. F = rate of injec- 
tion into a zone 

i injection rate 

k permeability in perms times 30.4 
(since U is in bbls/mo) 

k, reduced permeability. k, = (Sk AA 
sin*e) /A summed around the 
reservoir 

kz. relative permeability to gas 

k,. relative permeability to oil 

k; sum of the oil and gas mobilities 
(A. + Ag) 

k, oil mobility divided by the sum of 
oil and gas mobilities \,/k, 

k, product of oil and gas mobilities di- 
vided by the sum of oil and gas 


ft/mo 


mobilities cp” 
L distance parallel to structure ft 
p pressure _psi 
qd withdrawal rate reservoir 
bbl/mo 
Q pressure gradient in the oil phase 
minus the hydrostatic pressure 
gradient 0p/0D — p,E psi/ft 
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S saturation — S,,, residual oil sat- 


uration 
t time months 
U of flow bbl/mo 
v velocity ft/mo 
Greek 
6 angle of dip of the formation degrees 
A. oil mobility (k,./u.) Cpe 
A, gas mobility cp” 
Viscosity cp 
p density Ibs/bbl 
Subscripts 
a.b,e,k  1,2,3 Particular values as defined in text 
a downward 
t front 
g gas 
i initial 
é new 
oil 
upward 
Primes 


first derivative with respect to, 
second derivative with respect to S, 
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Capillary Pressure Characteristics 
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This paper proposes the network of tubes as a model 
more closely representing real porous media than does 
the bundle of tubes. Capillary pressure curves are de- 
rived from network models and pore size distributions 
are calculated from these curves. In this way is shown 
the difference between the true and calculated pore 
size distributions when the capillary pressure curve is 
used to obtain pore size distribution for porous media. 


INTRO DUGEEOWN 


Despite the technological importance of the laws gov- 
erning flow through porous media, many of these laws 
have not yet been clearly formulated. This is especially 
true of the laws governing multiphase flow. The static 
properties, such as the capillary pressure curve, are also 
not at present interpretable correctly in terms of the 
pore size distribution and other structural properties 
of porous media. In the absence of any well founded 
theoretical description of fluid flow through porous 
media, many empirical descriptions have been pro- 
posed. In addition to the strictly empirical flow equa- 


*This work is taken from a dissertation submitted by the author 
to the Graduate School, University of Southern California, in par- 
tial fulfillment of the requirements for the PhD degree while on 
leave from California Research Corp., La Habra, Calif. Much of 
the detail omitted from this paper can be found in the disserta- 
tion wh.ch is available on microtilm from the Library of University 
of Southern California, Los Angeles 7, Calif. 

**Present address of the author is California Research Corp., 
La Habra, Calif. 

Discussion of this paper is invited. Discussion in writing (3 
copies) may be sent to the offices of the Journal of Petroleum 
Technology. Any discussion offered after Dec. 31, 1956, should 
be in the form of a new paper. 
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tions, some equations have been developed rigorously 
from simple geometrical models of the pore spaces. 
These equations are only as valid as is the model used 
in their development. The two models used in the past, 
the sphere pack and the bundle of tubes, have been too 
simple, and as a result, the equations derived from 
them have failed to predict the observed properties. 
Agreement between theory and observation has been 
achieved for these models by inserting parameters of 
doubtful physical significance. 

The work to be reported here was undertaken in the 
belief that the study of a model more closely resembling 
most real porous media than does the sphere pack or 
bundle of tubes would yield useful information con- 
cerning the structure of real porous media and the re- 
lation between structure and flow properties. There 
was no intention of developing any calculational pro- 
cedures, as for example calculating relative permeabil- 
ity from capillary pressure data. The objective of the 
study was instead to develop a better qualitative un- 
derstanding of the relation between the various meas- 
urable properties of porous media. 

The model chosen for study is the network of tubes 
in which each tube represents a pore space in the 
porous medium. Microscopic observations leave no 
doubt that sandstones and clastic carbonates are three- 
dimensional irregular networks of irregularly shaped 
pores. The irregularity of these structures makes any 
accurate theoretical study of their properties impossible. 
Results from an oversimplified model such as the bun- 
dle of tubes are worthless when applied to real sys- 
tems. The sphere pack model, on the other hand, not 
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only oversimplifies the structure, but retains enough 
complication to make the model too complicated for 
theoretical study. 


The present study proposes a two-dimensional regu- 
lar network of tubes of randomly distributed radii as a 
model which does not depart far enough from reality 
to distort the properties of real porous media sig- 
nificantly and yet is amenable to quantitative evalua- 
tion. The capillary pressure characteristics of the model 
can be evaluated by paper and pencil procedures. Eval- 
uation of the flow properties requires the use of a 
simple analog computer formed by a network of elec- 
trical resistors. 


The results obtained in this paper, first of a series of 
three, show clearly that the bundle of tubes is, in gen- 
eral, inadequate to interpret even the capillary pressure 
curve. The second and third papers of this series will 
show that while multiphase flow properties are a func- 
- tion of both network form and pore size distribution, 

it is the network structure which determines the over- 
all behavior of real systems. : 


PREVIOUS MODELS USED IN THE STUDY 
OF POROUS MEDIA 


THE SPHERE PACK 


The earliest studies of fluid flow through porous 
media used the sphere pack as a model****. The com- 
plexity of the pore geometry in sphere packs prevented 
the derivation of any accurate descriptions of flow 
through this model. Kozeny’ recognized the difficulties 
in treating the geometry of pore spaces. Using inductive 
methods, Kozeny arrived at an equation which related 
permeability to porosity and internal surface area of a 
sphere pack. An unspecified proportionality constant 
appears in this equation. 2 

The Kozeny equation, as modified by Carman’, has 
not proved to be of great value, aside from its use to 
estimate surface area of powders, because its basis on 
a physical model is not clear’. Rapoport and Leas* have 
attempted to obtain a relation between the capillary 
pressure curve and the wetting phase relative permeabil- 
ity curve by means of the Kozeny-Carman equation. 
However, Rapoport and Leas have made an assump- 
tion in their treatment of the problem that reduces 
the porous medium to a bundle of tubes. 

Parallel to the development of the permeability equa- 
tions from the sphere pack model has been the de- 
velopment of the electrical resistivity equations from the 
same model””’"”. These equations relate the resistivity 
of a solution containing nonconducting solids to the 
resistivity of the same solution when it does not con- 
tain solids. This ratio is the “formation factor” used in 
electric logging. The theoretical equations for the form- 
ation factor derived from the sphere pack model do 
not fit observed data in the porosity range normally en- 
countered in consolidated rock. In electric log interpre- 
tation, empirical equations must be used to relate 


formation factor to porosity”. 


THE BUNDLE OF TUBES MODEL 


If a bundle of tubes is taken as the model of a 
porous medium, equations describing almost all of the 
flow properties of the medium can be derived by com- 


1References given at end of paper. 
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paratively simple mathematical operations. The equa- 
tions which relate the properties of porous media to 
the tube radius frequency distribution of the equivalent 
bundle of tubes have been given by Childs and Collis- 
George", Gates and Tempelaar Lietz”, Fatt and Dyk- 
stra”, Purcell”, and Burdine, et 


The advantages gained by being able to make rigor-— 
ous derivations from the model are offset by the failure 
of the model to represent accurately real porous media. 
Several obvious characteristics of real porous media are 
not present in the bundle of tubes model. For example, 
real porous media are more or less isotropic with re- 
spect to fluid flow, whereas the bundle of tubes model 
is perfectly anisotropic. Many other differences between 
the bundle of tubes model and real porous media 
are uncovered when the flow properties of the mod- 
el are compared to observed flow properties of 
porous media. Despite these weaknesses, the bun- 
dle of tubes model has been used with fair success 
to correlate certain properties of porous media”. 
The bundle of tubes model has also been used to calcu- 
late the formation factor and relative resisitivity (resis- 
tivity index) of porous media by applying Ohm’s law 
to the flow of electricity through conducting fluid in the 
tubes of the model”. The equations for formation factor 
and relative resistivity derived from the model are not 
in agreement with equations obtained empirically from 
data on real porous media. 


THE NETWORK MODEL 


Previous considerations have indicated that the major 
weakness of the bundle of tubes model lies in the ab- 
sence of cross-connections between the tubes. An exam- 
ination of thin sections of sandstone indicates that the 
cross-connections between pores is a major structural 
feature of these porous media. The sphere pack model 
does have interconnected pores, but the shape of these 
pores is so complex that no analysis of flow through 
them is possible. If the two models are combined by 
substituting a uniform cylindrical tube for each pore 
space in the sphere pack model, a three-dimensional 
network of tubes is obtained on which, in principle, 
exact flow calculations can be made. 

The network of tubes seems to be a valid model in 
many respects. In contrast to the bundle of tubes, the 
network of tubes is isotropic and thus meets the most 
obvious requirement of a model. The replacement of 
the cavernous pore spaces of the sphere pack model by 
cylindrical tubes does not seem to be a radical departure 
from reality for many well consolidated sandstones. 

To simplify later network operations, it is desirable 
to replace the three-dimensional network by a two- 
dimensional network. In terms of the porous medium, 
the replacement is justified by assuming that a very thin 
slice of the porous medium with impermeable planes 
sealing the two large surfaces has the same properties 
as a cube of the same material. This is equivalent to 
assuming that the change produced by making the 
porous medium thin, and thereby eliminating a number 
of cross-connections in the third dimension, may be 
compensated by introducing additional channels within 
the two-dimensional network. It is assumed furthermore 
that changes in tube radius distribution, network form, 
and other network variables influence the properties in 
the same direction and in the same qualitative manner 
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in the two-dimensional network as in the three-dimen- 
sional network. 


Having decided upon a two-dimensional network of 
cylindrical tubes as the model to be studied, there 
remains the network form to be chosen. Photomicro- 
graphs of sandstone thin sections show that the pores 
are connected in an irregular network. If the network 
form has an important influence on properties of por- 
ous media, it is desirable to study networks of different 
form. For this reason, four different regular networks 
were chosen for study. These networks are shown in 
Figs. 1, 2, 3, and 4. They are named the single hexag- 
onal, square, double hexagonal, and triple hexagonal, 
respectively. This terminology is based on the fact that 
the double and triple hexagonal networks are obtained 
by superimposing two and three single hexagonal net- 
works, respectively. The only parameter used to describe 
the network form is the number of tubes connected to 
each tube. This parameter is called the @ factor and is 
given in Table 1 for the four networks and for two 
kinds of bundles of tubes. The explanation of the values 
of B for the bundles of tubes will be given later. The 
composite bundle of tubes is a bundle in which the 
tubes are made up of short tubes in series. The radii 
of these short tubes are distributed according to a tube 
radius distribution. The short tubes are randomly dis- 
tributed along the length of each tube in the bundle. 
The simple bundle of tubes is a bundle in which the 
tube radius is constant along the tube length. These 
two kinds of bundles of tubes are included in the table 
to show that the limits of @ are two and infinity. 


TABLE 1— FACTOR FOR FOUR NETWORKS AND TWO KINDS 
OF BUNDLES OF TUBES 


Network B Factor 


Composite Bundle of Tubes 
Single Hexagonal Network 
Square Network 

Double Hexagonal Network 
Triple Hexagonal Network 
Simple Bundle of Tubes 


There are several assumptions implicit in the use of 
a network of tubes as a model of a porous medium. 
All tubes in any network composed of tubes of different 
flow resistance conduct fluid when a potential gradient 
is applied. This implies that for single phase flow, there 
are no “blind” or “dead end” pores in the porous 
medium that is being modeled. There is very little 
experimental information on the existence of blind 
pores in real porous media. The best evidence to date 
suggests that there are very few blind pores in sand- 
stones and sintered glass. This evidence is presented as 
incidental information by Russell, Morgan, and Mus- 
kat™, Everett, Gooch, and Calhoun”, and Mysels and 
Stigter”. These authors have shown that 97 per cent of 
a fluid in sandstone or sintered glass is displaced by 
flooding with a single pore volume of a miscible fluid. 
After one to 112 pore volumes have passed through the 
porous medium, the displacement is essentially 100 per 
cent. This indicates that the blind pore volume in single 
phase flow in these porous media is probably not much 
greater than 1 per cent of the total pore volume. 
When there are two or more immiscible phases present 
in the porous medium as in multiphase fluid flow, the 
dead end pore volume is very much greater as will be 
shown later. 


In deriving relative permeability and resistivity data 
from the network model, the assumption is made that 
a given pore contains either wetting phase or non- 
wetting phase, but not both at the same time. That is, 
the two immiscible phases do not flow concentrically in 
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Fic. 2—SQUARE NETWORK. 
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the same channel. Multiphase fluid flow in separate 
channels in porous media has been termed channel flow, 
while concentric flow in the same channel has been 
termed filament flow. The best observational support for 
the assumption of channel flow comes from the cinemi- 
crophotographic studies of Chatenevar”, and from the 
Stanolind group”. Leverett™ has shown on theoretical 
grounds that the interfaces between two immiscible 
phases in porous media will distribute themselves so 
that the radii of curvature of the interfaces, r, and r., in 
the pore spaces will obey the LaPlace equation 


ry 


The Chatenevar and Stanolind motion pictures show the 
distribution of the radii and the resulting channels 
filled either with wetting phase or nonwetting phase. 

Operations on the network model to be described 
later will disclose that for reasons of convenience, the 
size of the network models is limited to from 200 to 
400 tubes. In experimental measurements on porous 
media, the test sample usually contains about 40,000 
pores. The assumption is that the statistics of the 400- 
tube model are not different from that of a 40,000-tube 
model. This is true only if the tubes in the model are 
randomly distributed. A table of random numbers is 
therefore used to locate the tubes of various radii in the 
network. Support for the validity of the relatively small 
networks will be given later when results from various 
size models are given. Extrapolation to infinite size 
shows that the results obtained on the 400-tube network 
are not seriously in error because of the small number 
of tubes. 

When wetting and nonwetting phase are simultane- 
ously in the network of tubes, the assumption is made 
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that the contact angle of the wetting phase on the inner 
surface of the tubes is zero. This condition leads to a 
continuous film of wetting phase throughout the net- 
work. In this way, no tube containing wetting phase is 
ever isolated from the continuous wetting phase. 


There are two additional minor assumptions made in 
adopting the network of tubes model: One is that no 
reaction occurs between the fluid in the tubes and the 
tube material. This assumption eliminates the effects of 
hydration and swelling that are sometimes observed 
when water flows through porous materials. The other 
is that the tube wall is a nonconductor. 


In addition to the above general assumptions which 
establish the network of tubes as a model for porous 
media, there are several special assumptions concerning 
different parameters of the model. These will be dis- 
cuss¢d as they appear in the development of the differ- 
ent tests of the network model. 


THE CAPILLARY DESATURATION MECHANISM 
AND THE CAPILLARY PRESSURE CURVE 


The network of tubes model, although developed pri- 
marily to study dynamic properties of porous media, 
can also be used to study static properties. The most 
commonly measured static properties are the porosity 
and the capillary pressure characteristics. The most 
useful of these properties is the capillary pressure 
vs saturation curve because this curve is character- 
istic of a particular porous medium. The network study 
“gives an interpretation of the capillary pressure curve 
which is different from that obtained by the conven- 
tional bundle of tubes analysis. 


The network model allows a detailed examination of 
the capillary desaturation mechanism which leads to a 
capillary pressure curve. Before this can be done, how- 
ever, it is necessary to establish a network of tubes of 
different radius. If all tubes in a network are of the 
same radius, r, the wetting phase which initially satu- 
rates the network will be completely displaced by the 
nonwetting phase at a single pressure given by 


5 = 
6 cos (2) 
r 
The assumption of zero contact angle gives 
28 
(3) 


r 


The capillary pressure curve for a network in which all 
tubes are of the same radius will be a straight hori- 
zontal line on the conventional capillary pressure plot. 


If the tubes of the network have different radii, the 
desaturation proceeds stepwise as the pressure is raised. 
Nonwetting phase fluid first enters the network when 
the pressure between the phases is sufficient to force 
nonwetting phase into the largest tube if one or more of 
the largest tubes are at an outer edge of the network. 
The spatial arrangement of the tubes now becomes an 
important factor in the desaturation mechanism. Assum- 
ing that the pressure is P,, the nonwetting phase will 
enter only those tubes of radius r, (P; and r, are re- 
lated by Eq. 3) which are at the outer edge of the 
network or are connected to the outer edge by tubes of 
radius r, or larger. Tubes of radius r, surrounded by 
tubes of smaller radius will not be penetrated by non- 
wetting phase at pressure P,. To study the capillary 
desaturation mechanism in a network of different size 
tubes, therefore, it is necessary to assume a tube radius 
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frequency distribution and then randomly distribute the 
various size tubes in the network. The desaturation 
mechanism is best described by an example in which a 


capillary pressure curve is derived from a network. 


EXAMPLE OF CAPILLARY DESATURATION 
OF A NETWORK OF TUBES 


For this example, the triple hexagonal network of 
331 tubes, shown in Fig. 4, is used. The tube radius 
frequency distribution is taken to be that of Fig. 5. The 
tube length is assumed to be inversely proportional to 
the tube radius. This seemingly arbitrary assumption 
will be justified in paper III of this series when the flow 
properties of the network of tubes are studied. It will 
then be shown that this particular relation between tube 
length and radius is more satisfactory than any other 
because it gives closer agreement between network flow 
properties and those observed on real porous media. 
This relation also gives network properties similar to 
those from networks in which tube radius and length 
are combined at random. The radius scale of Fig. 5 and 
all tube radius frequency distributions that follow is 
arbitrary because its only function is to determine the 
capillary pressure scale through the relation P = 2 8/r 
where 8 is constant. The radius scale factor can be 
absorbed in this constant. 

As mentioned above, the assumption is made that the 
pores of different radii in porous media which are being 
modeled are randomly distributed in space. The corre- 
sponding random spatial distribution of tubes in the 
model is obtained as follows: each tube position in the 
network is numbered, Fig. 6. The numbers are consecu- 
tive starting in the lower left-hand corner. Numbers 
from 1 to 331 are then tabulated in the sequence in 
which they appear in a random number table”. Avail- 
able tube radii from the frequency distribution were 
listed in decreasing order alongside this list of random 
numbers. Each tube position is thus assigned a tube 
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radius. In this way, the different tubes are randomly 
distributed in the network. 

The network is assumed to be initially filled with wet- 
ting phase and surrounded by nonwetting phase. Since 
all the tubes are interconnected and the wetting phase 
is assumed to be always continuous, a single connection 
to one of the tubes at the edge of the network permits 
withdrawal of wetting phase. The model now closely 
resembles the experimental arrangement of Fatt and 
Dykstra® for obtaining capillary pressure and relative 
permeability data on sandstones. 


The successive stages of penetration are shown in 
Fig 6. The resultant capillary pressure curve is shown 
in Fig. 7. The procedure used to obtain these data is 
described below. 


The pressure difference between phases is assumed to 
be increased until the pressure of the nonwetting phase 
is equal to the entry pressure of the largest tube in the 
network, i.e., r, = 4.96. A diagram of the network in 
which tube radii are indicated at each position, Fig. 6, 
is then examined to determine if any tubes of the largest 
radius are on the edge of the network. In this example, 
the tube in position 15 is the only tube penetrated by 
nonwetting phase. There are two others of this radius in 
the network, at positions 198 and 291, but these are 
surrounded by tubes of smaller radius and will not be 
penetrated until later. The volume displaced at equi- 
librium at this capillary pressure is the volume of a 
single tube of radius 4.96. The wetting phase satura- 
tion in per cent is then given by 


4) 


2) 


| 


ay 


Sw, 
Since tube length is assumed inversely proportional 
to radius, Eq. 4 can be written 
5 
= 100 (: (5) 


Substituting into Eq. 5 the values of r, and the r,’s and 
n,’s from the distribution gives Sw equal to 99.4 per 


(4) 


cent. The capillary pressure at this saturation is 
(6) 
where 28 is a scale factor as described previously. 
Upon increasing the capillary pressure to that re- 
quired to enter tubes of the second largest radius, 
r, = 4.45, examination of the network shows that non- 
wetting phase will enter tubes of radius r, in positions 
11 and 328. The capillary pressure is now 


P, 


(7) 
rs 
and the equilibrium saturation is 
= 100 (: =981 . . (8) 
2 


An increase in capillary pressure to 28/r, causes 
nonwetting phase to enter tubes of radius r, in positions 
9, 16, 147, 178, and 223. The wetting phase saturation 
becomes 


(ra) 
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FIG. 6— CAPILLARY DESATURATION SEQUENCE. TUBE RADIUS DISTRIBUTION OF FIG. Sys 
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0.0 


5. = 100 (: =956.. (9) 
3 Sy hi 


At capillary pressure, 28/r, tubes of radius r, in po- 
sitions 129, 143, 144, 310, and 321 are filled with 
nonwetting phase. In addition, a tube of radius 7, at 
position 291 fills with nonwetting phase because it is 
only now that this tube becomes connected to the 
nonwetting phase outside the network by the tube in 
position 310. The wetting phase saturation at pressure 
28/r; is 


= 
Sx = 100 ( 


(10) 


The capillary pressure is increased in steps given by 
Pi = ete: until the capil- 

lary pressure is sufficient to cause nonwetting phase to 
enter the smallest tube in the network. At each pres- 
sure, the network is examined to find the tubes that 
will fill with nonwetting phase at the given pressure. 
Fig. 6 shows the desaturation sequence for this exam- 
ple. The curve of capillary pressure vs wetting phase 
saturation derived from this example is shown in Fig. 7. 
The network data gives the stepped curve because the 
tube radius distribution is discontinuous. In real por- 
ous media with a continuous pore radius distribution, 
the capillary pressure curve is smooth. In Fig. 7, the 
dashed line shows the results of smoothing the network 
data. Future capillary pressure results in this study will 
report only the smoothed curve. 

The curve obtained from the network model resem- 
bles a typical capillary pressure curve obtained from 
sandstone. There is one difference that should be noted. 
The curve derived from the network is asymptotic to 
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zero wetting phase saturation, whereas curves from 
real porous media tend to be asymptotic to 20 to 30 
per cent wetting phase saturation. There are probably 
several reasons for this difference. In the network 
model, the contact angle of the wetting phase on the 
solid was assumed to be zero, but for real porous 
media, the contact angle may be finite. A finite con- 
tact angle would result in a break of the wetting phase 
film at low wetting phase saturations, thereby trapping 
some of the wetting phase in the small tubes. 


A second reason for the difference in asymptote be- 
tween the network and real porous media may arise 
from the failure to reach equilibrium in capillary de- 
saturation of real porous media. As the wetting phase 
saturation decreases, the mobility of the wetting phase 
In a porous medium is tremendously reduced. At each 
increment of capillary pressure at low saturations, a 
great deal of time must be allowed for the displaced 
phase to leave the porous test sample. In some labora- 
tory determinations of capillary pressure characteristics, 
it is probable that insufficient time is allowed at low 
saturations. As a result, the reported capillary pres- 
oure curves show a high asymptotic wetting phase 
saturation that would not exist if the system were at 
equilibrium. 

Wetting phase fluid trapped in the pores of a real 
porous medium may give a capillary pressure curve 
asymptotic to perhaps as much as 25 per cent wetting 
phase saturation. As will be pointed out presently, any 
trapping of fluid causes a discrepancy between a pore 
size distribution calculated from the capillary pressure 
curve and the real distribution. In the network model 
used here, no fluid was allowed to be trapped. A pos- 
sible refinement of the model in future studies would 
be to permit trapping of wetting phase when a tube 
containing this phase is completely surrounded by non- 
wetting phase. 


Before the network can be said to model satisfac- 
torily the desaturation mechanism operating in porous 
media, two factors introduced by the model must be 
investigated. The first factor is the reduced size of the 
network, compared to the usual test sample of a porous 
material. As mentioned previously, the network of 331 
tubes is two orders of magnitude smaller than the 
usual test sample. However, a comparison of capillary 
pressure curves obtained at the La Habra Laboratory 
of California Research Corp. by Purcell’s mercury in- 
jection method on a %%-in. cube of sandstone with 
curves obtained by the same method on 1-in. cubes of 
the same material indicated that a 64-fold reduction 
in the number of pores in a sample did not change the 
capillary pressure curve. The 4-in. cube has only 10 
times the number of pores that are in the network 
model. 

Another test of the effect of network size on the 
capillary pressure curve was made by obtaining a capil- 
lary pressure curve from a network of only one-half 
the number of tubes that are in the example network, 
Fig. 6. The difference in the curves from the one-half 
size and full size networks was less than the scatter 
of points about each curve. This test, together with 
the study of capillary pressure curves from %4-in. cubes 
of sandstone, indicates that the capillary pressure 
curves from sandstone and from the network are not 
sensitive functions of the size of the system in the range 
studied. 

The effect of network size will again be studied when 
the network model is used to obtain relative permeabil- 
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ity curves. Those studies will confirm the conclusion 
that the size of the network model adopted here for 
study of the capillary desaturation mechanism is suffi- 
cient to give data which are almost independent of 
size, and therefore, comparable to data from real por- 
ous media. 

The second factor introduced into the network model 
is the random spatial distribution of the tubes. The 
capillary pressure curve obtained in the above example 
is for a particular random distribution. The question is 
then whether the same capillary pressure curve would 
be obtained from another random distribution, and in 
general with any random distribution. An exact and 
rigorous answer to this question could not be obtained. 
An empirical answer was obtained by comparing capil- 
lary pressure curves from four different random dis- 
tributions of the same network and tube radius dis- 
tribution. The difference in the curves from the four 
different random distributions was less than the scatter 
of points about each curve. The conclusion was then 
made that in a network of several hundred tubes, there 
was a very small probability of having random dis- 
tribution of tubes which would give a different capil- 
lary pressure curve. 


EFFECT OF VARIATION OF NETWORK 
AND TUBE RapIUSs DISTRIBUTION ON 
THE CAPILLARY PRESSURE CURVE 


Having established a valid capillary desaturation 
mechanism in the network of tubes model, it is now 
possible to examine the effect of variation of network 
and tube radius distribution on the capillary pressure 
curve. After describing the effect of these variables on 
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the capillary pressure curve, the inverse problem will 
be considered; that is, the effect of network and tube 
radius distribution on the tube radius distribution cal- 
culated from a network capillary pressure curve. 


Fig. 8 shows the capillary pressure curves for the 
tube radius distribution of Fig. 5 from the single, dou- 
ble, and triple hexagonal networks and from the bundle 
of tubes. The bundle of tubes referred to here is the 
simple bundle in which each tube is of constant ra- 
dius along its length. The capillary pressure curve for 
the bundle of tubes is calculated directly from the 
tube radius distribution, the curves for the networks 
according to the capillary desaturation mechanism as 
described in the above example. 

Several conclusions can be drawn from these curves. 
The first is that the networks studied and the bundle 
of tubes give capillary pressure curves which closely 
resemble the curves obtained from sandstones and sin- 
tered glass. This can be taken as evidence for the 
proper choice of the tube radius distribution because, 
as will be shown later, the tube radius distribution 
largely determines the shape of the capillary pressure 
curve. 

The second conclusion is that as the @ factor in- 
creases, that is, as the number of tubes joined to each 
tube increases, the network capillary pressure curve 
approaches the curve obtained from the bundle of 
tubes model. This results from the fact that as the 
number of paths to each tube increases, there is an 
increase in the probability of having a chain of larger 
tubes from the outer edge of the network to each tube. 
There are then fewer tubes that are surrounded by 
smaller tubes, and thereby isolated from the nonwet- 
ting phase during capillary desaturation. The network 
model then approaches the bundle of tubes model in 
which no tube is isolated from the nonwetting phase 
at any stage of the desaturation. The f factor is 
infinite for a bundle of tubes in which the tube radius 
is constant along the tube length. 


The third observation is that the capillary pressure 


curve is not very sensitive to changes in network for 
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the tube radius distribution of Fig. 5. The sensitivity 
of the capillary pressure curve to changes in network 
is shown later to be a function of the tube radius dis- 
tribution. 

To study the effect of changes in tube radius distribu- 
tion on the capillary pressure curve, three typical dis- 
tributions were used. Fig. 9 is a very narrow distribu- 
tion, Fig. 5 is an intermediate distribution, and Fig. 
10 is a very broad distribution. Capillary pressure 
curves were obtained for these three distributions in 
the four different networks in exactly the same way as 
for the example. The 12 capillary pressure curves so 
obtained are grouped according to network in Figs. 
11 to 15 and according to distribution in Fig. 8 and 
Figs. 16 to 17. 

Examination of Fig. 8 and Figs. 11 to 17 shows 
that although the capillary pressure curve for a given 
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tube radius distribution is somewhat different for each 
network, the greatest change in the capillary pressure 
curve is brought about by a change in tube radius dis- 
tribution. This fact leads to the tentative conclusion 
that the capillary pressure characteristics of porous 
media can give information concerning the pore size 
distribution. 

At present, the only method known whereby the 
pore size distribution can be calculated from the capil- 
lary pressure curve is by assuming the bundle of tubes 
model. The method of calculation is described in the 
Appendix. The variations in the capillary pressure curves 
obtained from the different networks and tube radius 
distributions show that two factors will cause error in 
the pore size distribution calculated from the_ capil- 
lary pressure curve by means of the bundle of tubes 
model. The first factor is the network. The bundle of 
tubes model becomes more applicable as the # factor 
increases. 

The second factor is the range of radii in the pore 
size distribution. The capillary pressure curves from the 
three tube radius distributions used in Fig. 8 and in 
Figs. 16 to 17 show that as the range of radii is re- 
duced, the capillary pressure curves from ail three 
networks approach the curve from the bundle of tubes. 

These observations can be used as a guide to the 
interpretation of the capillary pressure curve in terms 
of the pore size distribution. Any pore size distribu- 
tion calculated from the capillary pressure curve of a 
real porous medium will be too narrow because the 
isolated pores at the large radius end of the distribu- 
tion do not contribute to the saturation at low capil- 
lary pressures. The peak of the distribution will be too 
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high, because these large pores are calculated as pores 
of intermediate size when the capillary pressure be- 
comes high enough to cause entry of nonwetting phase 
into most of the pores. If the pore size distribution 
calculated from the capillary pressure curve is broad, 
the real distribution can be expected to be even broader. 
If the calculated distribution is narrow, then it may be 
not far from the real distribution. Meyer” has made a 
somewhat similar suggestion concerning the effect of 
the distribution only; he did not consider the effect of 
the network. 


QUANTITATIVE COMPARISON OF TRUE AND 
CALCULATED PoRE RADIUS DISTRIBUTION 


The widespread use of the capillary pressure method 
to determine pore size distribution and the technological 
importance of the distribution makes desirable a quanti- 
tative method for comparing the real and calculated 
distribution. The guides to interpretation given in the 
preceding paragraph can be used to modify qualitatively 
a pore size distribution calculated from a capillary pres- 
sure curve so that the distribution becomes more like 
that existing in the porous medium. Engineering calcu- 
lations, however, very often require quantitative data 
from the pore size distribution. It therefore seems 
worthwhile to make a detailed and quantitative ex- 
amination of the effect of network and distribution 
parameters on the calculated pore size distribution. 

The procedure by which a known tube radius dis- 
tribution appearing in a network is compared with the 
distribution calculated from the network capillary pres- 
sure curve is shown schematically below. 
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A quantitative comparison of tube radius distribu- 
tions requires that the distributions be characterized by 
one or more parameters. For a symmetrical distribu- 
tion, these parameters are the average tube radius and 
the dispersion. These parameters are the first and sec- 
ond moments of the distribution, and are defined as: 


capillary pressure curve obtained 
from network 


m=r= L_. (11) 
N 
— (12) 
where 
N 
=> 
(13) 


Since only ratios of average tube radius will be used 
in this analysis, a dimensionless radius will not be re- 
quired, but a dimensionless dispersion is required. The 
dimensonless dispersion may be defined here as 
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= 


An asymmetrical distribution should be described by 
at least the first, second, and third moments. The third 
moment, m;, is given by 


where 


N 

=> 

The third moment can be made dimensionless by re- 
arranging Eq. 15 to give 


A frequently used index of asymmetry (skewness) is 
the ratio 


(16) 


This ratio is zero for the normal error distribution. 

In addition to the parameters of the distribution, it 
is necessary to have a parameter which is characteris- 
tic of the network. The inverse of the @ factor is a 
convenient parameter for this purpose. The range of 
1/8 for the four networks and the bundle of tubes 
is 0.00 to 0.50. The two types of the bundle of tubes 
form the extremes as shown by Table 1. As explained 
previously, the composite bundle of tubes is a bundle 
in which the tubes are made up of short tubes in series. 
The radii of these short tubes are distributed according 
to a tube radius distribution. The short tubes are ran- 
domly distributed along the length of each tube in 
the bundle. The simple bundle of tubes is a bundle 
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in which the tube radius is constant along the tube 
length. 


Tube radius distributions were calculated for each 
distribution and network from the capillary pressure 
curves in Figs. 11 to 15. The distribution was calcu- 
lated by assuming the bundle of tubes model accord- 
ing to the procedure described in the Appendix. 


The tube radius distribution of the simple bundle of 
tubes, for which 1/8 is zero, is the original distribu- 
tion that was set up in the network. The subscript , 
signifies a property calculated from a network capil- 
lary pressure curve; the subscript , signifies a prop- 
erty of the original tube radius distribution that was 
used to construct the network. Since the tube radius 
distribution is calculated from the capillary pressure 
curve by assuming that the curve came from the sim- 
ple bundle of tubes, the properties of the original tube 
radius distribution are the same as for the simple bun- 
dle of tubes model. 


The plot of the ratio = against 1/8 in Fig. 18 shows 


that the average pore radius calculated from a capil- 
lary pressure curve will be smaller than the true aver- 
age pore radius. The difference between the calculated 
and true average pore radius is a function of both 
1/8 and the dispersion of the distribution. The straight 
lines obtained in Fig. 18 indicate that the average ra- 
dius and 1/f are related by an equation of the form 
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(2) 
The magnitude of Te will be discussed later. 

The maximum error in the average pore radius cal- 
culated from the capillary pressure curve of a real 
porous medium can be estimated from Fig. 18. The 
tube radius distribution of Fig. 10 probably has the 
maximum dispersion to be found in distributions in real 
porous media. On the other hand, there are at least 
three pores connected to each pore in a real porous 
medium, that is, the 1/8 factor is not above 0.30. For 
the extreme conditions of a distribution, Fig. 10, and 
a network with 1/8 equal to 0.30, the calculated av- 
erage pore radius is about 70 per cent of the true av- 
erage radius. When the experimental errors in measure- 
ment of the capillary pressure curve and the approxi- 
mations and assumptions of the network treatment are 
taken into consideration, this error in the calculated 
average pore radius cannot be considered significant. 
This leads to the conclusion that the capillary pressure 
curve can be used in conjunction with the bundle of 
tubes model to obtain the average pore radius for 
most real porous media. 

The dispersion of the calculated distribution is plot- 
ted against the dispersion of the true distribution in 
Fig. 19 to give a straight line with slope equal to 0.51. 
The relation between dispersion for all networks and 
distributions is then (2). = 0.51 (20) 
The conclusion can thus be drawn that the dispersion 
of a pore radius distribution calculated from a capil- 
lary pressure curve by assuming the simple bundle of 
tubes model will be about one-half of the dispersion 
of the actual pore radius distribution in the porous 
medium. 


In Fig. 20, the slopes of the vs 1/ B lines are 
plotted against the calculated dispersion to give a 
smooth continuous curve. The equation of this curve 
in the range shown in Fig. 20 is 
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The relations between the average pore radius ratios, 
the dispersion ratios, and the network parameter 1/8, 
permit the calculation of the true average pore radius 
and the true dispersion from the capillary pressure 
curve if the network parameter is known. Capillary 
pressure data alone cannot be used to evaluate 1/8, 
but if in addition, certain flow measurements are made, 
1/8 can be calculated by methods to be described in 
the third paper of this series. 
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network derived distributions are plotted as a function 
of 1/6 in Fig. 21. From these data, it is apparent that 
the asymmetry of the distribution calculated from a 
capillary pressure curve by means of the bundle of 
tubes model approaches the true asymmetry for porous 
media of high @ factor. The relative index of asymme- 
try vs 1/8 curve for the distribution of Fig. 5 falls 
below 1.0 at 1/68 = 0.10 because in the triple hex- 
agonal network, the network derived distribution is 
more symmetrical than the starting distribution. 

The question arises as to whether or not conclu- 
sions drawn above from the study of two-dimensional 
networks can be used to interpret capillary pressure 
curves from three-dimensional real porous media. There 
is a small difference in the possible paths and their 
length between two points separated by the same linear 
distance in a two-dimensional and three-dimensional 
network of the same type. This difference tends to give 
a larger 8 for a three-dimensional network than for 
a two-dimensional network. It is, however, reasonable 
to expect three-dimensional networks to behave in 
much the same manner as a two-dimensional network 
when a lower value of £ is used for the three-dimen- 
sional network. 

A possible procedure for calculating the true av- 
erage pore radius and the true dispersion of real por- 
ous media is summarized below. 


1. Calculate the pore size distribution from the capil- 
lary pressure curve using the simple bundle of tubes 
model and the procedure given in the Appendix. 


2. Calculate the average pore radius, yr, and the 
dispersion, (u:),, from the distribution obtained in 


3. Multiply the calculated dispersion by 1/0.50 to 
give the true dispersion. 


4. From Fig. 20 or from Eq. 21, find the slope of 
the 2 vs 1/8 line for the value of the true disper- 
rt 


sions calculated in Step 3. 


5. If 1/8 is known (from flow measurements to be 
described in paper III of this series), the true average 
pore radius can be calculated from 
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CAPILLARY PRESSURE CURVES FROM SEVERAL 
TuBE LENGTH TO RapiIus RELATIONS 


Although the inverse relation between tube length 
and radius can be shown™ to be the most reasonable, 
it is of interest to determine the effect of the relation 
between tube length and radius on the capillary pres- 
sure characteristics of a network. There are two meth- 
ods which can be used to relate tube length and radius. 
The tube length can be related to the radius by a fixed 
relation, for example of the form / = Cr* where a and 
C are constants. The inverse relation used in the pre- 
ceding network studies was a special case in which a 
is —1. The other method is to combine randomly tube 
radii and lengths so that there is no fixed relation be- 
tween these quantities. Both methods have been used 
to obtain the network capillary pressure curves which 
are described below. 

Capillary pressure curves for the distributions of 
Figs. 5, 9, and 10 were obtained for the four networks 
and the simple bundle of tubes in which a was 1.0, 
and —2, in addition to the case already described, in 
which a is —1. The curves for a given distribution and 
the triple hexagonal network for different a’s are shown 
in Fig. 22. Curves for other networks are given in 
Reference 31. 

Fig. 22 shows that the changes in a cause only a 
small change in the position and shape of the capillary 
pressure curve if the dispersion of the tube radius dis- 
tribution is small. The difference in capillary pressure 
curves obtained from the distribution of Fig. 9 using 
different a’s is less than the scatter of points about the 
individual curves. This is consistent with the require- 
ment that for a network composed of a single size tube, 
dispersion equal to zero, the capillary pressure curves 
for all @ must coincide and become a_ horizontal 
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straight line. If the dispersion is large, as for the dis- 
tribution of Fig. 10, the capillary pressure curve is 
sensitive to changes in a. 


CAPILLARY PRESSURE CURVES FROM A RANDOM 
COMBINATION OF TUBE LENGTH AND RApIUs 


The second method of relating tube length and ra- 
dius is by randomly assigning different lengths to the 
tubes in a manner similar to that used to assign radii. 
At first thought, this may seem to be the preferred 
method and to give a network closely resembling the 
network in a real porous medium. However, examina- 
tion of thin sections of well consolidated sandstone 
shows that there seems to be a fixed relation between 


pore length and radius. Pores of large radius seem toe 


be short, whereas pores of small radius, usually in the 
form of crevices, are long. 


There is an objection to the random combination 
of tube length and radius that is not in any way con- 
nected to the fundamental properties of networks. This 
objection arises from the fact that a great deal more 
time is required to obtain data on networks estab- 
lished by the random combination than on networks 
in which there is a fixed relation of tube length and 
radius. 

Two networks in which tube radii and lengths were 
randomly combined were studied. The radius and 
length frequency distribution were taken to be that 
of Figs. 10 and 23 because these distributions repre- 
sent the upper and lower limits respectively of the 
dispersion of pore size frequency distributions found 
in natural porous media. Radius and length were both 
randomly distributed in the network positions by using 
two different random number tables. The double hex- 
agonal network was used. The capillary desaturation 
was Carried out exactly as for the example given earlier. 
For each tube, the volume was calculated from zr’l 
where both r and / depend upon the position in the 
network. 

The resulting capillary pressure curves are shown 
in Figs. 24 and 25, together with the curves for the 
same distribution and network, but using the relations 
l1=Cr* and 1=Cr’. The capillary pressure curves 
from the random combination of length and radius 
have the characteristic shape observed for real porous 
media and are not much different from the curves for 
a network with a fixed tube length to radius relation- 
ship. When the flow properties of networks are dis- 
cussed in paper III of this series, it will be shown that 
the random combination also leads to flow properties 
which are very much like those from a network with 
tube length inversely proportional to radius. 


CONCLUSIONS 


The similarity between capillary pressure curves from 
networks and from sandstones and sintered glass does 
‘not prove the validity of the network model. The sim- 
ple bundle of tubes gives equally satisfactory capillary 
pressure curves, despite its lack of resemblance to real 
porous media. The test of the network model will be 
made when its flow properties are compared to those 
of real porous media. 

The study of the capillary pressure characteristics 
of networks as presented in this section, however, does 
lead to certain conclusions concerning the relation be- 
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tween several network parameters and the capillary 
pressure curve. These conclusions are given below. 


1, Network capillary pressure curves approach the 
simple bundle of tubes curve as the f factor increases, 
that is, as the number of tubes joined to each tube in- 
creases. 


2. The sensitivity of network capillary pressure 
curves to changes in network is a function of the dis- 
persion of the tube radius distribution. For low dis- 
persion, all networks of a given distribution have al- 
most identical capillary pressure curves. A distribution 
with high dispersion gave capillary pressure curves 
which were different for each network. 


3. The capillary pressure curve is more sensitive to 
changes in tube radius distribution than to changes 
in network. For this reason, the capillary pressure curve 
can be used to estimate pore size distribution of real 
porous media. 


4. A pore size distribution calculated from the 
capillary pressure curve of a real porous medium by 
means of the bundle of tubes model will have an av- 
erage pore radius and dispersion which are smaller 
than the true average pore radius and dispersion. 


5. The ratio between the average pore radius calcu- 
lated from a capillary pressure curve and the true av- 
erage pore radius is less than unity and is a function 
of the network. For networks of low f factor, the 
ratio is small; as 8 increases, the ratio increases, finally 
becoming unity when £ is infinite. 


6. The dispersion of the pore size distribution cal- 
culated from the capillary pressure curve of a real 
porous medium is about one-half of the true disper- 
sion. 


7. The sensitivity of the capillary pressure curve to 
changes in a@ in the relation ] = Cr* is a function of 
the dispersion of the tube radius distribution. For low 
dispersion, changes in @ have little effect on the capil- 
lary pressure curve, whereas for high dispersions, 
changes in @ cause significant changes in the curves. 


8. The capillary pressure curve from networks in 
which tube length and radius are randomly combined, 
instead of by the relation ] = Cr’, fall between the 
curves from networks in which @ is zero and —1. 


APPENDIX 


CALCULATION OF THE PORE SIZE 
DISTRIBUTION FROM THE CAPILLARY 
PRESSURE CURVE BY MEANS OF THE 
BUNDLE OF TUBES MODEL 


A derivation of the pore size distribution function 
for porous materials has been given by Ritter and 
Drake.* Their derivation gives a pore volume distribu- 
tion. For fiuid flow calculations, the pore number dis- 
tribution derived below is more useful. 

The pressure difference between the wetting and 
nonwetting phases required to cause nonwetting phase 
to displace wetting phase from a tube of radius r is 
given by 
6 cos 
r 


P (1-1) 


*Ritter, L. C. and Drake, R. L.: Ind. Eng. Chem. Anal. Ed. 
(1945), 17, 782. 
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where 8 is the surface or interfacial tension and © is 
the contact angle of the wetting phase on the inner 
wall of the tube. 

The number of tubes having radii between r and 
r + dr is defined as 

where N(r) is the radius distribution function. If 6 
and © are not functions of pressure or radius, Eq. 1-I 
can be differentiated to give 


Eliminating dr from Eqs. 2-I and 3-I gives 
P dN 
N(r) = — 5 (4-1) 


Inasmuch as dN cannot be measured directly, it is 
necessary to relate dN to the increment of pore volume, 
dV, which is displaced by a change in pressure dP. 
An analytical expression for the pore volume can be 
obtained only if a simple pore geometry is assumed. 
The porous material is therefore assumed to be equiva- 
lent to a bundle of tubes of different radii but of con- 
stant radius along the length of a tube. 


If the port space is a cylinder of length / and ra- 
dius r, then 


Substituting for dN in Eq. 4-I gives 


The saturation of a porous medium is defined as 
the volume of a given phase in the porous medium 
relative to the total pore volume, or 


Pp 
Then dV =V,dS. Substituting this into Eq. 6-I 
gives 


N(r) = — (8-I) 
But 
28 cos 0 
Therefore 
N(r) = (9-1) 


a1(28cos®)* dP 


In Eq. 9-I, all quantities except ] are known or 
calculable from the capillary pressure curve. The / 
term can be treated in several ways. If / is assumed 
to be the same for all tubes, then Eq. 9-I may be re- 
written 


dS 
az (28 cos dP 


The / term is now a frequency scale factor. In flow 
calculations, the term /N(r) can be used directly so 
that / need not be evaluated separately. 


An alternate method of treating / is to relate r 
and / by a relation of the form / = Cr¢, where C 
is a proportionality constant and a is another con- 
stant. Using this relation, Eq. 9-I becomes 


IN(r) = (10-1) 


PV ids 
N 
(r) ap (11-1) 
Or 
ONG) (12-1) 


(2 8 cos @)*** dP’ 


The C term is now the frequency scale factor in 
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the pore size distribution. If a is taken as Zero, then 
C is equal to 1. The / term is usually taken as =i 
as is described in the sections on the capillary pres- 
sure and relative permeability characteristics of net- 
works of tubes. In any flow calculation, the quan- 
tity CN(r) can be used directly if the same relation 
between r and / is used in the flow calculation as in 
the pore size distribution calculation. 

Graphic integration from zero to infinity of a plot 
of CN(r) vs r gives the total number of pores mul- 
tiplied by the constant C. That is 


The number of pores in the radius interval r, — r,; mul- 
tiplied by the constant C is 


ENG. — = CN) dr 


The frequency of occurrence of pores in the interval 
— is then 


CN(r)dr 


f(r = . . . . (15-1) 
CN(r) dr 
Substituting for CN(r) from Eq. 12-I gives 
dr 
= = (6-1) 


dS 
(3) rd 
dP 


All other terms in Eq. 12-I cancel from numerator 
and denominator because they are not functions of 
OF he 


From Eq. 1-I 
Substituting into Eq. 16-I gives 
aS 


The limits of the integrals of Eq. 18-I are now ex- 
pressed in terms of saturation. In the denominator, the 
limits in saturation are from zero to unity, because at 
unit saturation, which is at the lowest capillary satu- 
ration, all pores, including the largest in the distribu- 
tion, are filled. In the numerator, the lower limit is 
the saturation S, at which the capillary pressure causes 
entry of nonwetting phase into tubes of radius r,, and 
similarly for the upper limit S,. 

To obtain the tube radius distribution at discreet 
radii as used in the network study, the radius limits 
of integration, r, and r., were chosen at the midpoint 
between the previously selected radii. 
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Networks of resistors are used as analog computers 
to obtain relative permeability and resistivity index 
curves for networks of tubes. These curves have all of 
the characteristics of those obtained on porous media 
and, therefore demonstrate the validity of the network 
of tubes model. 


In paper I’ of this series the network model was shown 
to give information on the structure of porous media 
that could not be obtained from the bundle of tubes 
model. The agreement between the capillary pressure 
characteristics of a network of tubes and those of 
typical porous media does not prove the validity of 
the network made. The bundle of tubes model, although 
it gives less information, also shows this agreement. 

In this paper the flow properties of a network of 
tubes are shown to be in agreement with flow properties 
of porous media. The flow properties of the bundle of 
tubes model are not in adequate agreement with those 
of porous media. 

The dynamic properties of porous .iedia, such as 
fluid permeability and electrical conductivity, have 
been found experimentally to be more sensitive func- 
tions of structure and pore size distribution than are the 


*This work is taken from a dissertation submitted by the author 
to the Graduate School, University of Southern California, in partial 
fulfillment of the requirements for the PhD degree while on leave 
from California Research Corp., La Habra, Calif. Much of the detail 
omitted from this paper can be found in the dissertation which is 
available on microfilm from the Library of University of Southern 
California, Los Angeles 7, Calif. 

**Present address, California Research Corp., La Habra, Calif. 

References given at end of paper. 
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static properties such as porosity and capillary pres- 
sure characteristics. The network model can, therefore, 
be best tested by comparing the dynamic properties of 
a network of tubes with the observed properties of 
porous media. All static and dynamic properties of a 
completely valid model must agree with the observed 
properties. 

The most commonly measured sensitive dynamic 
properties are the relative fluid permeability and the 
relative electrical resistivity. Experimental measure- 
ments of these dynamic properties on sandstone, 
sintered glass, sintered alumina, and soil are reported 
in the petroleum and soil science literature. These 
properties were chosen, therefore, for the test of the 
network model. 

In the network model, relative permeability is the 
permeability of the network when some of the tubes are 
not conducting fluid, relative to the permeability when 
all tubes are conducting fluid. Similarly, the relative 
resistivity is the electrical resistivity of the network of 
tubes when some of the tubes-are filled with a non- 
conductor, relative to the resistivity when all tubes are 
filled with the electrical conducting fluid. 


SINGLE SIZE TUBE NETWORK 

The simplest porous medium is one in which all pores 
are of the same size. Such media can be approached 
by packing beds or columns of uniform size particles 
of sand, glass, or metal. The model of such medium in 
this study is a network of single size tubes. The net- 
work form, the @ factor, is usually not known for real 
porous media. If the validity of the network model 
can be established, then the study of the flow properties 
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of networks may give information concerning the net- 
work form of real porous media. 

In principle, network theory can be applied to the 
network of tubes to calculate the network flow re- 
sistance. The network of Figs. 1-I, 2-I, 3-I, and 4-I,* 
when composed of single size tubes, can be reduced to 
a series-parallel arrangement for which the flow re- 
sistance can be easily calculated. As the network is 
desatuarated, that is, as some of the tubes are made 
non-conducting, the network is no longer a_series- 
parallel arrangement and network theory must be ap- 
plied. In practice, the calculation of total network re- 
sistance of a network of several hundred tubes is im- 
possibly laborious. Network theory leads to a deter- 
minant as the solution for the total network resistance. 


The network models used in this study lead to 


determinants of several hundred rows and columns; that 
is, determinants of order 100 or more. Such de- 
terminants cannot be evaluated by any reasonable 
amount of labor. Even modern high-speed computers 
cannot evaluate determinants of greater than 30th order 
unless the determinant has some symmetry condition 
which permits reduction to a lower order. The de- 
terminants derived from the network models have no 
symmetry, and therefore, cannot be reduced. 

Instead of calculating flow properties of the net- 
work model from network theory, networks of electrical 
resistors were constructed and the total resistance was 
measured by a conventional Wheatstone bridge. The 
network of electrical resistors is, therefore, an analog 
computer which is used to solve network problems 
when these problems cannot be solved conveniently 
~by analytical or numerical methods. 

The choice of a sequence of desaturation is a-prob- 
lem that arises in the study of single size tube networks. 
As has already been pointed out in the study of the 
capillary pressure characteristics of the single size tube 
network’, such networks desaturate completely when 
the capillary pressure is equal to the entry pressure. 
There are no intermediate equilibrium saturations. In 
real porous media, the pores are never exactly the 
same size, so the capillary desaturation mechanism op- 
erates stepwise to desaturate the smaller pores as the 
capillary pressure is raised. ae 

The capillary desaturation mechanism can be made 
to operate on the single size tube network if the tubes 
are assumed to have a very narrow radius distribution. 
This distribution can be made as narrow as desired so 
that for purposes of calculating permeability, resistivity, 
or volume, the tubes can be considered of equal size. 
The smallest difference in tube radii, however, will allow 
the capillary desaturation mechanism to operate. 

The capillary desaturation mechanism operating on 
the single size tube network is equivalent to a random 
desaturation with the requirement that the desaturation 
starts from the edge of the network and proceeds in- 
ward only through tubes that are already desaturated. 
The concept of a very small but finite distribution of 
tube radii causing the capillary desaturation mechanism 
to operate is closer to reality even for very uniform 

porous media than is the concept of random desatura- 
tion. However, a random desaturation mechanism may 
be operating in a system where gas comes out of 
solution, thus randomly filling the pores without regard 
to size or position. 

A tube radius distribution in which all radii were 


*The roman numeral I after the figure number indicates that the 
figure appears in paper I of this series. 
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considered grouped very close to the average radius 
was used. The single, double, and triple hexagonal, and 
the square network were constructed of one-half watt, 
4,700 ohm carbon resistors (Allied Radio Co., Chicago, 
Ill., Catalog No. 1-820-1953). These resistors were 
within + 10 per cent of 4,700 ohms. The resistance of 
the network was measured with a precision of 1 per 
cent by a portable Wheatstone bridge. se 

The operations on the network of resistors and the 
calculation of the flow properties were essentially as 
follows. The complete network of resistors was con- 
structed by inserting the wire leads of the resistors in 
Fahnstock clips mounted on a masonite sheet. The 
total resistance was measured between the bus bars 
shown on top and bottom of the networks in Figs. 1-I, 
2-I, 3-I, and 4-I. Resistors were removed from the 
numbered positions according to the capillary desatura- 
tion mechanism. At each capillary pressure step the 
network resistance was measured. The ratio of network 
resistance at a partial saturation to the total network 
resistance was the wetting phase relative resistance and 
the reciprocal of this ratio was the wetting phase 
relative permeability. The saturation was simply the 
fraction of the total number of resistors remaining 
in the network. = 

As each resistor was removed from the network, it 
was inserted in the same position in another identical 
network. The second network represented the network 
of pores containing nonwetting phase. When sufficient 
resistors appeared in the nonwetting phase network to 
give a continuous path between the bus bars, the re- 
sistance of this network was measured at each capillary 
pressure step. The relative resistances so obtained gave 
the nonwetting phase relative resistivity and permeability. 


EFFECT OF SPATIAL DISTRIBUTION AND NETWORK 
SIZE ON THE DYNAMIC PROPERTIES 


Before discussing the results of the study of flow 
properties in a network of uniform size tubes, it is 
necessary to how that, as for the capillary pressure 
curves, the small size of the resistor network relative 
to the size of the network in real porous media does 
not invalidate the results. The effect of different ran- 
dom spatial arrangement of the tubes must also be 
investigated, because although the tube radius distri- 
bution was taken to be very narrow, the spatial dis- 
tribution of the tubes determines the order in which 
they desaturate. 

The effect of different random spatial distributions 
was investigated by comparing flow properties of net- 
works obtained from four different random number 
tables. The difference between the smoothed relative 
permeability curves obtained from the four different 
random number tables was less than the scatter of 
points about each curve. 

The effect of network size on the flow properties of 
the networks was determined by using networks of 
3%4, 1%, and % the size of the original networks as 
shown in Figs. 1-1, 2-I, 3-I, and 4-I. The reduction in 
size was obtained by two methods. In the first method, 
the reduced size network maintained the approximately 
square outer form of the original network. In the 
second method, the width of the original network was 
preserved, but the length was reduced. 

Several conclusions were drawn from the study of 
the reduced size networks. It was noted that the two — 
methods of reducing the size gave essentially the same 
results, except for the one-fourth size network. This 
network gave very scattered flow data from which no 
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smooth relative permeability versus saturation curves 
could be drawn. The one-half size network containing 
‘from 115 to 195 tubes probably represent the smallest 
network that has the same statistical properties as the 
larger networks. The one-fourth size networks were not 
used in the study of the effect of network size. 

The relative permeability curves from the other re- 
duced size networks showed a small but continuous 
trend as a function of network size. At each saturation, 
the relative permeability was plotted as a function of 
the reciprocal of the network size relative to the size 
of the original network. The best straight line was 
drawn through these points and extrapolated to zero 
reciprocal size, which is equivalent to extrapolation to 
a network of infinite size. Table 1 shows the range in 
relative permeability at constant saturation when ex- 
trapolated from the network of Figs. 1-I, 3-I, and 4-I to 
infinite size networks. 

Extrapolation to infinite size places all network data 
on the same size basis. The infinite size network must 
be considered a hypothetical system because of the 
rather long extrapolation required and because of the 
absence of any proof that the extrapolation should be 
linear. An alternate method of putting all network data 
on the same size basis is to extrapolate the data from 
all networks to a finite network of some standard size. 
For example, all networks relative permeabilities can be 
extrapolated to a network of 500 tubes by a-~very 
short extrapolation. Relative permeability characteristics 
of such networks are only very slightly different from 
those of the hypothetical infinite size network. For this 
reason, data from the hypothetical infinite size network 
is used in the following discussion. 


The relative permeability curves for the four net- 
works each containing tubes of a single size and extra- 
polated to a hypothetical infinite size network are 
shown in Fig. 1. The pair of straight lines which rep- 
resents the relative permeability of a simple bundle of 
single size tubes is also shown on this graph for 
comparison. 

For a network of single size tubes, the relative fluid 
resistance (the reciprocal of the relative permeability) 
is the same as the relative electrical resistance at a given 
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TABLE 1 —- EFFECT OF NETWORK SIZE ON RELATIVE PERMEABILITY AT 
CONSTANT SATURATION 
Wetting Phase Relative Permeability—Per Cent 


Wetting Phase Single Hexagonal Double Hexagonal Triple Hexagonal 


Saturation Fig. 1-1 Infinite Fig. 3-1 Infinite Fig. 4-| Infinite 
90 72 69 78 76 82 82 
70 31 29 43 40 50 50 
50 11 9 18 a7 25 25 
30 2 1 3 3 8 8 

Nonwetting Phase Relntive Permeability 

Se one Single Hexagonal Double Hexagonal Triple Hexagonal 

Saturation Fig. 1-| Infinite Fig. 3-1 Infinite Fig. Infinite 
90 77 75 83 82 82 82 
70 35 32 47 43 53 50 
50 7 5 12 12 8 8 


fluid saturation. The relative resistivity is therefore the 
reciprocal of the relative permeability at each saturation. 
The wetting phase relative resistivity curves of the 
networks are plotted in Fig. 2. The nonwetting phase 
relative resistivity curves are shown in Fig. 3. 


INTERPRETATION OF THE RESULTS FROM 
THE SINGLE SIZE TUBE NETWORK 

Comparison of the relative permeability curves from 
the single size tube networks with typical relative 
permeability curves obtained from sandstone and 
sintered glass shows a remarkable similarity. The 
characteristic shape of the relative permeability curves 
of real porous media seems to be a direct consequence 
of the interconnection of the pores to form a network. 
The network structure alone is sufficient to give the 
characteristic shape, no pore size distribution is 
required. 

The wetting phase relative resistivity curves are also 
found to be similar to the typical curves observed for 
porous media. The nonwetting phase relative resistivity 
curves cannot be compared, because very little informa- 
tion about this property has been reported for real 
porous media. 


The relation between wetting phase relative resistivity 
and wetting phase saturation can be expressed as R = 
S,," where n is the slope of the straight lines in Fig. 2. 
The most recent experimental study of this relation for 
real porous media by Wyllie and Spangler’ has shown 
that for sandstone, unconsolidated sand, sintered glass, 
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and sintered alumina n varies from 1.42 to 2.55. The 
network relative resistivity data give values of n as 
shown in Table 2. 


TABLE 2 

Network B n 
Composite Bundle of Tubes..........02..2...0... 2 0.50 — 
Single H i 4 0.25 3.6 
Square 2 6 0.167 2.8 
Double Hexag | cA 0.142 2.6 
Triple Hexagonal 10 2.0 
Simple Bundle of Tubes we (oe) 0.00 1.0 


The £ factor is the same network form parameter 
that was introduced in the study of the capillary pres- 
sure characteristics of a network.’ The composite bundle 
of tubes has tubes with radius varying along the length. 
Relative resistivity data from the composite bundle of 
tubes did not obey the relation R = S,,", and therefore, 
n could not be obtained for 1/8 equal to 0.50. 

Fig. 4 shows a plot of n vs 1/8. A detailed com- 
parison of these results with those from experimental 
studies on real porous media will be postponed until the 
effect of a tube radius distribution is described in paper 
III of this series. The results from the single size tube 
networks can be used at this point to make a few gen- 
eralizations concerning the behavior of real porous 
media. 

The most important observation is that the charac- 
teristic multiphase flow properties of porous media are 
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a direct consequence of the interconnection of the pore 
spaces to form a network. 

A second and almost equally important observation 
is that the flow properties of networks are a function 
of the network for a system of uniform pores. 

A third observation is that in a network containing 
uniform size pores, all relative flow properties which 
are functions of pore geometry only, such as relative 
permeability and relative resistivity, will be identical 
functions of the saturation. 

The relation between n and 1/6 as shown in Fig. 4 
permits use of experimental flow data to determine the 
network form of porous media known to be of uniform 
pore size. As shown in paper I of this series, the shape 
of the capillary pressure curve can be used to estimate 
the degree to which a porous medium approaches a 
network of uniform size pores. 
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ABSTRACT 


Relative permeability and relative electrical resistivity 
curves are obtained for networks of tubes with a tube 
radius distribution by means of a network of resistors 
used as an analog model. These curves are similar to 
those obtained from real porous media. The effects of 
pore size distribution and network structure on relative 
permeability and resistivity are demonstrated. 


INTRODUCTION 


Study of the dynamic properties of networks of single 
size tubes in paper II’ of this series has shown that the 
network model has flow properties similar to those ob- 
served on real porous media. The comparison of prop- 
erties of single size tube networks with those of real 
porous media cannot be carried far because very few 
porous media have uniform size pores. The capillary 
pressure curve from most porous materials such as soil, 
sandstone, and sintered glass indicate that these mate- 
tials have pore size distribution similar to those shown 
in Figs. 5-I, 9-I, and 10-I.{ To properly test the network 
model, it is therefore necessary to compare the dynamic 
properties of real porous media with those of networks 
of tubes in which the tube radii are distributed accord- 


*This work is taken from a dissertation submitted by the author 
to the Graduate School, University of Southern California, in par- 
tial fulfillment of the requirements for the PhD degree while on 
leave from California Research Corp., La Habra, Calif. Much of 
the detail omitted from this paper can be found in the disserta- 
tion which is available on microfilm from the Library of University 
of Southern California, Los Angeles 7, Calif. 

**Present address of the author is California Research Corp., 
La Habra, Calif. 

‘References given at end of paper. 
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Taper in this series in which the figure appears??, 
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ing to the distributions in the aforementioned figures. 
A network in which the tube sizes are distributed 
cannot be treated in the same manner as a network of 
single size tubes. In the single size tube network, the re- 
lation between tube geometry, flow resistance, and tube 
volume did not have to be known if the assumption was 
made that whatever relation did exist was the same for 
all tubes in a particular network. In a network of dis- 
tributed tube size, the relation between tube geometry 
and flow resistance must be known or assumed in order 
to replace the tubes by equivalent electrical resistors. 


RELATION OF TUBE GEOMETRY TO FLOW RESISTANCE 


The interchangeability of tubes and electrical resistors 
in the network model is possible because of the analogy 
between Poiseuille’s law and Ohm’s law. Poiseuille’s 
law for a cylinder is 


(1) 


where q is the volumetric rate of flow, « is the viscosity, 
AP is the pressure gradient, r is the tube radius, and / is 
the tube length. 


Ohm/’s law is 
= E 
INES (2) 


where I is the flux and is equivalent to the volumetric 
rate in Poiseuille’s law, R is the resistance, and AE is 
the voltage gradient. Both laws give the flux as a func- 
tion of the potential drop and the resistance of the 
medium. 

By analogy then, 


(3) 
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R 


When only relative permeability data are to be ob- 
tained from a network of resistors, Eq. 3 can be written 


because the coefficient Bal is Common to all tubes in the 


saturated and partially saturated network. 

When the network is used to study relative resistivity, 
Ohm’s law for a tube filled with a conducting fluid gives 
the relation between tube geometry and electrical resist- 
ance. For the tube 


a A (5) 
where p is the electrical resistivity of the conductor in 
the tube. For the resistor that is to replace the tube, 
Ohm’s law is 


1 
By analogy then 
1 


Relative resistivity of the network will be independent 
of the coefficient — so the equivalence of Eq. 7 can be 
p 


written 


_Eqs. 4 and 8 permit the network of tubes to be 
replaced by a network of resistors. The resistance of 
each resistor in the network will depend upon whether 
the network is to be used for obtaining relative permea- 
bility or relative resistivity data. For each tube in the 
network to be used for relative permeability data, the 
resistance of the equivalent resistor is given by 


4° 


For each tube in the network to be used for relative 
resistivity data, the equivalent resistor is given by 
The constant, C, can be the same in Eqs. 9 and 10. This 
constant is chosen to give convenient values to the 
electrical resistors. The constant does not influence the 
relative permeability or relative resistivity properties of 
the network. 
The volume of each tube in the network is given by 


The total network volume is then 


where n, is the number of tubes of radius r; and length 
],. The percentage wetting phase saturation is 


(13) 


where m, is the number of tubes of radius r; that are 
empty. The terms m; and n;, are not necessarily equal 
because, as was demonstrated in the discussion on the 
capillary desaturation mechanism in paper I of this 
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series, not all tubes in a radius group are emptied at the 
same pressure. 

The capillary desaturation mechanism operates to 
desaturate the network of tubes in a sequence that 
depends upon the random spatial distribution and the 
tube radius distribution. The volume and flow resist- 
ance of the tubes are functions of both tube radius and_ 
length. Therefore, in establishing the network of tubes 
in which tube size is distributed, both radius and length 
must be assigned to each tube. This problem was en- 
countered in paper I when capillary pressure curves of 
networks with distributed tube size were desired. The 
capillary pressure curve calculations required tube-ra- 
dius and length in order to calculate tube volume. For 
relative permeability and resistivity data from a network 
of tubes, the tubes radius and length are required to fix 
both volume and resistance of each tube. 

In the study of the flow properties of networks with 
distributed tube size the problem of specifying tube 
radius and length was treated in the same manner as 
for the study of capillary pressure properties. The two 
methods of specifying tube radius and length are: 
(1) by random combination of radius and length to 
arrive at the volume and resistance of each tube, or 
(2) by fixing the relation between radius and length 
thereby eliminating length as a variable. The disadvan- 
tage of the method of random combination was that 
the resultant networks were more time consuming to 
study and therefore fewer network properties could be 
studied within the time available for this work. 

Only two networks in which tube radius and length 
are randomly combined were studied. The relative per- 
meabilities of these networks were found to be similar 
to those of networks with a fixed relation between tube 
radius and length. The data for the randomly combined 
networks will be presented after the fixed relation net- 
works are discussed. 

The fixed relation between tube radius and length 
was assumed to be of the form 

where C and a are constants. The constant C can have 
any value, provided that it has the same value for every 
tube in the network. 

There now remains the problem of choosing a value 
for a and showing that the chosen value is reasonable 
and gives networks which have properties similar to 
those of real porous media. The main structural feature 
of porous media, namely that they are networks of 
pore spaces, has already been given substantial support 
from the study of networks of single size tubes. Using 
the network structure as a working hypothesis, it is 
possible to show that experimental data on porous 
media lead to a small range for the possible values 
of a’. 

Permeability and porosity data reported by five 
authors’ for sand packs show that a lies in the range 
—0.24 to —1.25 with an average of —1.00. Resistivity 
and porosity data on the same kind of sand packs show 
a to be in the range 0.00 to —0.66 with an average of 
—0.26. The combined permeability and resistivity data 
give an over-all average a of —0.63. This average 
rounded off to —1.00, gives the final choice of a for 
the network of tubes model. 

The a term derived from porous media is simply that 
a which gives a network of tubes with the same permea- 
bility-porosity and resistivity-porosity relationship as do 
real porous media. 

Other values of a, namely 0.00, 1.00, and —2.00, 
were also used in a few cases to show the effect of 
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variation of a on the network flow properties. Later in 
this paper, flow properties of real porous media will be 
compared with those of networks with different values 
of a. These comparisons will show that networks with 
a of —1.00 have flow properties most closely resem- 


bling those of real porous media. 
NETWORK MEASUREMENTS 

The adoption of a relation between tube radius and 
length, namely / = Cr”, permits substitution of elec- 
trical resistors for the tubes in the network of tubes 
model. Having adopted / = Cr” as the relation between 
tube radius and length, the resistance of each tube can 
be given in terms of the radius alone. The resistance of 
the equivalent resistor is then 


G 
and 
G 
Reelectrical cond. (46) 


r 


Using the relation ] = Cr’ the volume of each tube 
becomes 


and the total volume becomes 
Vy Cntr; ( 18 ) 


The radius distribution alone now determines the size 
distribution of resistors in the networks. The range. of 
radii was taken to be from 0 to 10 in arbitrary units. 
The constant C in Eqs. 15 and 16 was chosen to be 10° 
to make the resistance values fall in the range of com- 
mercially available carbon resistors. The value chosen 
for C does not influence the relative permeability or 
relative resistivity properties of a network. 

The resistance values for a given radius distribution 
are calculated from Eqs. 15 or 16, depending upon 
whether the network is to be used to study relative 
permeability or relative resistivity. As a consequence, 
the resistance values for a given radius distribution will 
depend upon the flow property which is being studied. 
The choice of tube radii was dictated by the resistance 
of commercially available resistors. Having chosen the 
radii from the set of resistors to be used for studying 
relative permeability, it was possible, by means of Eq. 
16, to calculate the sizes of the resistors needed for the 
study of relative resistivity. Many of the resistance val- 
ues so calculated were not commercially available, so 
the next nearest available size was chosen. For example, 
the tube radius of 2.92 was calculated from a resistor 
of 4,700 ohms, using Eq. 15. The equivalent relative 
resistivity resistor, calculated from Eq. 16, is 40,400 
ohms, but the nearest available resistor is 39,000 ohms. 

The resistors were one-half watt carbon resistors sup- 
plied by Allied Radio Corp., Chicago, Ill. Catalog No. 
1-820 (1953). The supplier claimed the resistors to be 
within +10 per cent of the rated value. A study of 500 
resistors rated at 8,200 ohms showed them to be ran- 
domly. distributed about the rated value with a standard 
deviation of 5 per cent. 

The procedure for obtaining relative permeability and 
relative resistivity curves from networks is best de- 
scribed by means of an example. This example uses the 
tube radius distribution of Fig. 5-I and the triple hex- 
agonal network. The random spatial distribution of 
resistors in the network positions is obtained in the 
same way as for the capillary pressure curves for this 
distribution. 

A random number table is used to construct the net- 
work of resistors, because for each tube radius, there 
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is an equivalent resistor. The resulting network of re- 
sistors is equivalent to a network of tubes in which 
each tube is filled with wetting phase. The resistance 
of the network, measured from the top to the bottom 
bus bar, is equivalent to the reciprocal of the permea- 
bility or to the resistivity, depending upon whether the 
network is being used to model a fluid flow or an elec- 
trical conducting system. 

The capillary desaturation mechanism dictates the 
sequence in which tubes containing wetting phase are 
removed from the network. Column 2 of Table 1 
gives the sequence for this example. Resistors are re- 
moved in the sequence given in Column 2 of Table 1. 
At each capillary pressure step, the network resistance 
is measured. These measurements are given in Columns 
4 and 8 of Table 1. The saturation at each capil- 
lary pressure step, calculated by the method previously 
described in the section on capillary pressure curves, is 
given in Column 3 of Table 1. 

The wetting phase relative permeabilities at the 
various saturations are simply the network resistance, 
of a network established to study relative permeability, 
when all the resistors are in place divided by the net- 
work resistance when some of the resistors have been 
removed. 

The wetting phase relative resistivities are the net- 
work resistance of the appropriate network at each 
saturation divided by the network resistance when all 
resistors are in place. 

The removal of resistors from a network is equivalent 
to replacing tubes containing wetting phase by the 
same tube containing nonwetting phase. When the tubes 
containing nonwetting phase- form a continuous path 
through the network, there can be conductance of 
fluid and electricity in the nonwetting phase. 

The network of tubes containing nonwetting phase 
was formed by inserting the resistors removed from the 
wetting phase network into an identical nonwetting 
phase network. The sequence in which the nonwetting 
phase network is formed is given in Columns 1 and 
2 of Table 1, together with the network resistance 
in Column 9 at each saturation. 
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TABLE I—CAPILLARY DESATURATION SEQUENCE AND MEASURED RESISTANCE IN TRIPLE HEXAGONAL NETWORK 
WITH TUBE RADIUS DISTRIBUTION OF FIG. 5-1 


(1) 


Tube Penetrated by Non- 
wetting Phase, Tube Radius 


(2) 


Tube Position 


3 67 


3.27 


3.67 


3.54 


3.27 
2.62 151 


3.67 
3.54 


3,27 
2.92 


2.32 227 


4.96 
4.45 
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(3) 


Network Wetting Phase 
Saturation, Per Cent 


o vo 


89.8 


83.8 


74.3 


58.2 


Relative Permeability Network, Ohms 


Wetting Phase Resistance in 


(5) 


Relative Permeability Network, Ohms 


Nonwetting Phase Resistance in 


20,000 
20,800 


23,000 


24,500 


28,300 


53,500 


124,000 


2,480,000 


(6) 


Relative Permeability 


Wetting Phase 


| 
| 


an 


70 


58 


37 


16 


(7) 


Per Cent Nonwetting Phase 
Relative Permeability, Per Cent 


0.8 


(8) 


Relative Resistivity Network, Ohms 


Wetting Phase Resistance in 


6,410 


6,710 


9,080 


12,100 


21,200 


(9) 


Relative Resistivity Network, Ohms 


Nonwetting Phase Resistance in 


8| 


60,500 


(10) 


Relative Resistivity 


Wetting Phase 


2.00 


3.50 


(11) 


Nonwetting Phase 
Relative Resistivity 


8 


8 


(12) 


co a| State of Desaturation 
in Fig. 6-1 
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= = (4) = = = = = 
4.96 15 
11 
3.96 16 
178 
147 
9 
223 95.6 86 0 
310 
321 
144 
143 
4,96 291 93.8 ; 81 0 7,030 co 1.16 co d 
3.54 24 
44 
12 
279 
115 | 0 7,630 1.26 oe) e 
270 
191 
280 
98 
14 
61 
269 
241 
3.96 268 
3.54 194 
4.45 298 
297 
3.27 265 
234 34,100 0 1.50 (ee) t 
2.92 317 224 
278 159 
18 209 
330 2 
162 39 
294 161 
46 69 
31- 319 
295 1 
| | 288 
59 
287 
274 100 
142 236 113 
28 255 130 
22 170 173 
38 83 179 
171 293 306 
52. 256 145 
235-421 253 
225 4 54 
275 13 120 
214 
34 
140 
182 
180 
204 
65 
112 
183 
138 
82 
139 
119 
84326311 
216 277 
189 64 266 322 
305) 8 
23 260 232 240 
127 272 168 
68 267 33 282 
205 290 19 213 
118 301 188 181 
x 60 41 88 221 
289 29 300 325 
200 146 20 331 
243 271 203 196 
299 320 116 
324 80 148 
198 
231 


TABLE 1—CONTINUED 


(1) (2) (3) (4) (5) 


185 32.9 495,000 43,800 


58 16.0 (ea) 23,900 


2 314 20,400 
1.00 32 156 192 281 
114 249 128 
186 246 244 


123. 109 50 2.6 ie) 
0.54 304 


20,000 


66 0 oo) 19,800 


(6) (7) (8) (9) (10) (11) (12) 
4.0 45 76,400 16,600 12.6 2275, 1 

0 83 (69) 7,860 oO 1.30 | 

0 97 6,410 106 k 

0 95 oD) 6,300 1.04 
0 100 (ora) 6,050 oO 1.00 m 


The relative permeability curves obtained from this 
example are shown in Fig. 1. The wetting phase and 
nonwetting phase relative resistivity curves are shown 
in Figs. 2 and 3 respectively. 


RESULTS OF NETWORK STUDY OF FLOW 
PROPERTIES FOR a = — 1.00 


Relative permeability curves were obtained for each 
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of the four networks using the tube radius distributions 
of Figs. 5-I, 9-I, 10-I, and 23-I, and Figs. 4 and 5. The 
tube radius to length relation was / = Cr” for all net- 
works. The wetting and nonwetting phase relative per- 
meability curves so obtained are grouped according to 
network in Figs. 6 to 9 and according to tube radius 
distribution in Figs. 10 to 13. 


Relative resistivity curves were obtained for each of 
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3.96 199 
166 
74 
3.67 219 
3.54 247 105 
3.27 56 
197 
258 
73 
93 
220 
2.92 230 
165 
2.62 187 124 
1.91 111 302 226 154 329 71 
259 101 91 49 135 47 
316 276 149 107 228 206 
169 308 155 212 296 72 
150 3 208 81 43 5 
94 238 92 262 
63 37 36 210 245 176 
AS 75-190 184 6 
103. 172 70 97.250 201 
318 153 252 26 286 195 
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76 57 141 132 292 51 
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the four networks using the tube radius distributions 
of Figs. S-I, 9-I, 10-I, and Fig. 5. The tube radius to 
length relation was | = Cr’. The wetting and nonwet- 
ting phase relative resistivity curves are grouped accord- 
ing to network in Figs. 14 to 21. These curves are not 
grouped according to tube radius distribution because, 
as the points in Figs. 14 to 21 show, relative resistivity _ 
is not sensitive to changes in tube radius distribution. 
Relative resistivities from different distributions and net- 
works are scattered, but can be grouped according to 
network. This behavior of the relative resistivity is con- 
sistent with the requirement that the sensitivity of a flow 
property to changes in tube radius distribution is a 
function of the exponent of r; in Eqs. 15 and 16. As 
the exponent approaches zero from either the positive 
or negative direction, the sensitivity of the flow prop- 
erty to changes in tube radius distribution is reduced. 
For an exponent of zero, the network has single size 
resistors for all tube radius distributions. 

The effect of network size on relative permeability 
and relative resistivity was not determined on networks 
of distributed tube radius. If changes in size has the 
same effect on these networks as on the single size tube 
networks, then the correction to some standard finite 
size or to infinite size is small and does not change the 
general appearance or any of the curves given in Figs. 
21; 


EFFECT OF CHOICE OF a ON RELATIVE PERMEABILITY 
CHARACTERISTICS OF A NETWORK OF TUBES 


Before proceeding to an interpretation of the results 
of the studies on networks with distributed tube radius, 
additional justification for use of the relation 7 = Cr” 
will be given. The relative permeability characteristics 
of a network of tubes provide a useful test of the 
validity of this relation. 

Relative permeability curves were obtained from 
triple hexagonal networks in which a was 1.0, 0.00, 
—1.00, and —2.00. The tube radius distributions of 
Figs. 5-I, 9-I, and 10-I were used. 

The relative permeability curves for a of 1.00, 0.00, 
—1.00, and —2.00 are shown in Figs. 22, 23, and 24 
for the various tube radius distributions. Only a of 
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—1.00 gives relative permeability curves for all tube 
radius distributions which are comparable to those ob- 
served on real porous media. The effect of change in 
a is a function of the dispersion of the tube radius 
distribution. Relative permeability curves from the tube 
radius distribution of Fig. 9-I with a dispersion of 
0.0606 are least affected, while the curves from the dis- 
tribution of Fig. 10-I with a dispersion of 0.4620 are 
most affected. This result is consistent with the require- 
ment that for a single size tube network, dispersion of 
zero, a has no effect on the relative permeability curves. 

It is also interesting to note here that, as shown in 
Fig. 24, relative permeability curves from a network in 
which tube radius and length were randomly combined 
fall between the curves for a = — 1.00 and a = O for 
the same distribution. 
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INTERPRETATION OF RESULTS FROM 
NETWORKS WITH DISTRIBUTED 
TUBE RADIUS 


Study of networks with distributed tube radius and 
using the tube radius to length relation / = Cr” yields 
useful information concerning the properties of porous 
media. Previously, the capillary pressure curve was 
shown to be a sensitive function of the tube radius dis- 
tribution and relatively insensitive to the network form. 
The small sensitivity to network form was further 
shown to be a function of the dispersion of the tube 
radius distribution. For distributions of small disper- 
sion, the capillary pressure curve was almost insensitive 
to network form, whereas for distributions of large dis- 
persion, the sensitivity was much greater. This was 
consistent with the requirement that for zero dispersion 
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(single size tubes), all networks have a horizontal, 
straight line as their capillary pressure curve. 

The behavior of the nonwetting phase relative per- 
meability is opposite to that of the capillary pressure. 
As shown by Figs. 6 to. 13, nonwetting phase relative 
permeability is largely a function of network form, and 
is much less sensitive to tube radius distribution. The 
wetting phase relative permeability is not very sensi- 
tive to either network form or tube radius distribution. 

The relative permeability curves from all networks 
and tube radius distributions studied resemble curves 
which are obtained experimentally from real porous 
media. The insensitivity of the network wetting phase 
relative permeability curves to both network form and 
tube radius distribution may explain the observed 


similarity of this property measured on very different __ 


porous media. 
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The network relative resistivity data is more sensi- 
tive to network form than to tube radius distribution. 
For this reason, relative resistivity data are grouped in 
Figs. 14 to 21 according to network only. 

Although the wetting phase relative resistivity data 
are somewhat scattered, they do seem to follow Archie’s 
law, that is, R = S,™ (see Table 2). 


TABLE 2— EXPONENT n FOR THE DIFFERENT NETWORKS AND THE 
SIMPLE BUNDLE OF TUBES 


Network B 1/B n 
Single Hexagonal 4 0.25 3.10 
Square 6 0.167 2.97 
Double Hexagonal me 0.142 2.67 
Triple Hexagonal 10 0.10 PP) 
Simple Bundle of Tubes eo) 0.00 1.00 


Fig. 25 shows the above data graphically. 


As noted previously, Wyllie and Spangler’ have found 
that for sandstones, unconsolidated sand, sintered glass, 
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and sintered alumina, 7 varies from 1.42 to 2.55. From 
Fig. 25, this would indicate that 1/8 for these materials 
ranges from 0.04 to 0.13. This means that in these ma- 
terials from seven to 25 channels are connected to 
each channel, and that from four to 13 channels meet 
at each junction. A three-dimensional network with 
these properties seems quite reasonable. 

In Fig. 25, n vs 1/8 is plotted for both the single 
size and the distributed size networks. There seems to 
be little difference in the n vs 1/f relation between 
the two different kinds of networks except for 1/8 near 
0.25. Since the Wyllie and Spangler data indicate that 
real porous media do not have network structures with 
1/8 greater than 0.13, the linear relation between n 
and 1/8 permits use of this relation to determine 1/ 
from relative resistivity data. These data thus become 
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a means for obtaining information concerning the net- 
work structure of real porous media, irrespective of 
the pore size distribution. 

Using 1/8 calculated from relative resistivity data 
and Fig. 25, it is possible to use the methods outlined 
in the section on quantitative interpretation of the 
capillary pressure curve of paper I of this series to cor- 
rect the average pore radius and the dispersion calcu- 
lated from the capillary pressure curve. A combination 
of capillary pressure and relative resistivity data leads 
to more correct values for average pore radius and dis- 
persion than can be obtained from the capillary pres- 
sure curve alone. 

The nonwetting phase relative resistivity curves of 
Figs. 18 to 21 cannot be compared with experimental 
data because this property has not yet been measured. 
In all laboratory measurements made to date, the non- 
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wetting phase is either a gas or a nonconducting oil. 
Experimental nonwetting phase relative resistivity data 
may be obtained by using porous materials which have 
been treated with a silicone fluid to render them oil- 
wet. Oil can then be used as the wetting phase and 
an electrolyte as the nonwetting phase. Reliable data 
on this system have not yet been reported. 


One of the most interesting predictions to come from 
this network study is that relative flow properties which 
are functions of pore geometry only, such as relative 
permeability and relative resistivity, will be identical 
functions of the saturation for a network of uniform 
size pores. This implies that as the dispersion of the 
tube radius distribution is reduced, the relative permea- 
bility curve approaches the relative conductivity curve. 


Experimental data on sand packs reported by Wycoft 
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and Botset’ and by Leverett’ and data from networks 
with distributed tube size provide a check of the above 
prediction. The sand pack data are shown in Figs. 26 
and 27. In both figures, it is evident that the wetting 
phase relative permeability curve approaches the wet- 
ting phase relative conductivity curve as the sand be- 
comes more uniform. (It is assumed here that a more 
uniform grain size sand pack has a more uniform pore 
size.) 

Fig. 28 shows the wetting phase relative permeability 
and relative conductivity curves for the distributions 
of minimum and maximum dispersion, Figs. 9-I and 
10-I, in the triple hexagonal network. Here again the 
more uniform distribution, Fig. 9-I, gives a wetting 
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phase relative permeability curve that is closer to the 
relative conductivity curve. 

Fig. 29 shows an interesting phenomena that has 
has been noted in the network study. The nonwetting 
phase relative permeability is greater than the nonwet- 
ting phase relative conductivity at all saturations in 
contrast to the opposite behavior of the wetting phase 
relative permeability and relative conductivity as shown 
in Fig. 28. The relative position of the curves shown 
in Fig. 29 is typical of all networks and distributions 
studied. Network nonwetting phase relative permeability 
data tend to be more scattered than the wetting phase 
data, and therefore, a detailed comparison from the 
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different distributions, as was done for the wetting 
phase in Fig. 28, is not possible. 

The network relative permeability curves of Figs. 6 
to 13 show that k,./k, vs saturation where k,,, and 
k, are nonwetting phase and wetting phase relative 
permeability respectively, should be largely a function 
of network form and much less sensitive to tube radius 
distribution. Data from the tube radius distributions of 
Figs. 5-I, 9-I, and 10-I and the four networks and sim- 
ple bundle of tubes are plotted as k,./k, vs nonwet- 
ting phase saturation in Figs. 30, 31, and 32. Data for 
networks and the simple bundle of tubes with single 
size tubes are shown in Fig. 33. It is immediately ap- 
parent from these curves that the network determines 
the average slope of the curve. The single hexagonal 
network gives a k,w/kw curve of greatest average slope, 
while the triple hexagonal network and the simple 
bundle of tubes give curves of much lower average 
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slope. These observations suggest a method of estimat- 
ing the average slope of the k,/k, curve of porous media 
from relative resistivity data. The relation between the 
exponent in the relative resistivity relation R = S$," 
and the network structure, as shown in Fig. 25, sug- 
gests that the exponent should be related to the av- 
erage slope of the k,/k, curve. In comparing a group 
of samples of porous material, those with the highest 
exponent in the relative resistivity relation should have 
a k,/k, curve with greatest slope, and conversely for 
samples with a low exponent. 
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four networks and the bundle of tubes is shown in 
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Fig. 34. There is some uncertainty in the value of n 
for single hexagonal networks as shown in Fig. 25. An 
extrapolation of the plot of n vs 1/8 below 1/8 
= 0.167 gives n = 4.00 for the single hexagonal net- 
work, whereas the measured n is 3.10. The horizontal 
arrows in Fig. 34 indicate the points for both n = 4.00 
and n = 3.10. 


Notwithstanding the uncertainty in n for single 
hexagonal networks, Fig. 34 clearly shows the trend of 
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the average slope of the k,./k Curve as a function of n. 

There are almost no published data on porous media 
which can be used to test the relation shown in Fig. 
34. Fluid flow and electrical resistivity data on the 
same sample are very rarely reported. The only data 
that are of some help are those of Wycoff and Botset’ 
and Leverett’. The average slope of the unconsolidated 
sand curve is lower than that for consolidated sand. 
Observed values of n for unconsolidated sand are lower 
than those for consolidated sand. This relation between 
the average slope and n for real porous media is in 
the same direction as that predicted by Fig. 34 from 
network studies. 


SUMMARY AND CONCLUSIONS 


SUMMARY 


In an attempt to correlate the matrix properties 
of porous media such as grain diameter and grain shape 
to flow behavior, two models have been proposed. The 
sphere pack model has given some useful generaliza- 
tions concerning the relation between porosity and 
permeability and between porosity and electrical con- 
ductance. However, the complexity of the shape of the 
pore spaces in this model has precluded the calculation 
of any flow properties from the geometry of the model. 
The equations now in use for calculating flow proper- 
ties of sand beds are based on the sphere pack.model 
but have been developed by inductive reasoning or by 
empirical fitting of observed data. 


The bundle of tubes is the second model which has 
been proposed. For this model, comparatively simple 
mathematical operations yield equations which describe 
almost all of the flow properties of porous media. How- 
ever, the advantages gained by being able to make 
rigorous derivations from the model are offset by the 
failure of the model to represent accurately real por- 
ous media. As a result of this failure, most of the 
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equations derived from the bundle of tubes model do 
not describe the behavior of real porous media. 

If the sphere pack and the bundle of tubes models 
are combined by substituting a uniform cylindrical 
tube for each pore space in the sphere pack model, a 
three-dimensional network of tubes is obtained. In 
principle, exact calculations can be made on this net- 
work. The network of tubes model is believed to be the 
most useful model considered to date. 

For convenience in manipulation, the three-dimen- 
sional network is reduced to two dimensions. There is 
reason to believe that this does not reduce the validity 
of the model. 

Real porous media are shown by photomicrographs 
of sandstone-thin sections to have pores connected in 
an irregular network. However, in order to show the 
effect of network structure on flow properties, four 
different regular networks were studied. 

A network of different size tubes in which there is 
random spatial distribution of tubes was desaturated 
by the capillary desaturation mechanism to give a capil- 
lary pressure curve closely resembling such curves ob- 
tained from sintered glass or sandstone. 

Three different tube radius distributions were studied 
in four different networks and in the simple bundle of 
tubes. From the resultant capillary pressure curves, the 
separate effects of the tube radius distribution and net- 
work were determined. 

The flow properties of networks of tubes were 
studied by use of an electrical analog of the network. 
The equivalence of Poiseuille’s law and Ohm’s law 
was the basis for the substitution of an electrical resis- 
tor for each tube in the network. The electrical re- 
sistance of the network of resistors was then taken to 
be equivalent to the fluid resistance of a network of 
tubes. 

Ohm’s law for the electrical resistance of a tube 
filled with a conductor was used to construct networks 
of resistors which were equivalent to a network of 
tubes filled with an electrical conducting fluid. The elec- 
trical resistance of this network of resistors was taken 
to be equivalent to the electrical resistance of a network 
of tubes filled with an electrical conducting fluid. 
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The capillary desaturation mechanism applied to the 
networks of tubes and then to the equivalent network 
of _Tesistors gave relative permeability and relative 
resistivity curves. These curves had the same shape as 
those obtained from real porous media. Networks with 
single size tubes and those with distributed size tubes 
both gave curves which closely resembled the curves 
obtained from porous media. 

The effects of network structure and tube radius 
distribution on the flow properties of the network were 
studied. The results of these studies led to a correla- 
tion of the flow properties with network structure and 
showed the interrelation of the different flow proper- 
ties of a given porous medium. 


CONCLUSIONS 


The over-all conclusion drawn from the study of 
the network of tubes is that the network is a valid 
model of porous media. This conclusion is supported 
by the resemblance of the network relative permeability 
and relative resistivity curves to those observed on por- 
ous media. Added support to this conclusion is given 
by the observation that the relation between these 
curves is in qualitative agreement with that observed 
for porous media. 

From this general conclusion, certain specific con- 
clusions can be drawn concerning the relations between 
the pore size distribution, network structure, capillary 
pressure characteristics, and flow properties. 

Some of these specific conclusions are supported by 
experimental data on porous media, others are pre- 
dictions concerning properties of porous media which 
have not yet been measured or compared. 

Study of the network model leads to the following 
conclusions. 

1. The relative permeability and relative resistivity 
characteristics of porous media are a direct consequence 
of the network structure of these media. = 

2. The exponent n in Archie’s relation between wet- 
ting phase saturation and wetting phase relative resis- 
tivity, R= 8S," is a function of the network struc- 
ture of the porous medium and independent of the pore 


radius distribution. The exponent is about 4.0 for a 
network structure in which only four channels are 
joined to each channel and approaches 1.0 as. the 
number of channels joined together approaches infinity. 

3. In porous media of uniform size pores, all rela- 
tive flow properties which are functions of pore 
geometry only, such as relative permeability and rela- 
tive resistivity, will be identical functions of the satura- 
tion. 

4. In porous media of non-uniform size pores, the 
wetting phase electrical condustivity will, at a given 
saturation, be greater than the wetting phase relative 
permeability. Conversely, the nonwetting phase relative 
electrical conductance will be, at a given saturation, 
less than the nonwetting phase relative permeability. 

5. The average slope of the k,/k, curve, as usually 
plotted in petroleum reservoir engineering, can be 
correlated with the exponent in the relative resistivity 
relation for a given porous medium. The average slope 
of the k,/k, curve will be large for porous media of 
large exponent; conversely, the k,/k, curve will have a 
small average slope for media of low exponent. 
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DISCUSSION 


JOHN |. GATES 
MEMBER, AIME 


Science does not make uniform progress in any one 
field, but the advance may be likened to the pincer 
movements which we heard about in the last war in 
which there is a sudden encircling movement followed 
by consolidation of the gains. For example, the develop- 
ment of the whole field of antibiotics started with the 
discovery of penicillin and was thereafter followed by 
the discovery of a number of disease-controlling chem- 
icals through a systematic search of earthen bacteria. 
I would classify the work in this paper as one of these 
pincer movements. It is a definite step forward in our 
“understanding of the properties of porous media and 
will be followed by a great deal of comparative and cor- 
relating work. 

Up until this time we have had to be satisfied with 
a model of the porous media as either a bundle of 
tubes upon which calculations could be made, or a pack 
of spheres upon which mathematical calculations were 
nearly impossible. Many of the theories for the flow of 
fluids through porous media have been developed using 
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the bundle of tubes as a model; however, in using this 
model we have realized that there were several points 
of inconsistencies with natural porous media. For one 
thing, porous media are isotropic, that is the properties 
tend to be the same in all directions, while with the 
bundle of tubes, flow can take place in only one direc- 
tion. One other point which bothered us was the fact 
that in a porous media the pores are cross-connected 
throughout their length while tubes are not. 

The author of this paper has proposed a model which 
overcomes both of these difficulties and with which it is 
feasible to make either mathematical calculations or use 
an analog computer. The use of this model eliminates 
the “bugger factor,” sometimes termed tortuosity, which 
is used to make the theoretical calculations on the 
bundle of tubes model fit experimental data. 

In measuring the capillary pressure curves of cores, 
many of us have been disturbed by the fact that the 
non-wetting phase, such as mercury, first enters the 
large pores on the surface of the core but not those in 
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the center of the core. Upon continued injection of 
mercury it may be forced through smaller pores before 
it encounters these large pores. The large pores will then 
be classified as the size of pore which is equivalent to 
the pressure being applied to the mercury at that point. 
The calculations in this paper indicate that the mercury 
capillary pressure curves are primarily a function of the 
pore size distribution and are not greatly affected by 
the degree of interconnection of the pores. From this 
we can conclude that the fact that mercury is being 
injected from the surface of the core does not invalidate 
the calculation of pore size distributions from these 
measurements. By using the corrections proposed in this 
paper, it is therefore possible to obtain a reasonably 
accurate estimate of pore size distributions from capil- 
lary pressure curves. 

In measuring relative permeability in the laboratory 
by the capillary desaturation method, it is necessary to 
change the saturation within the core by injecting the 
non-wetting phase, such as gas, into the core from each 
end. Here again there is a question as to the uniformity 
of saturation. It is probable that the gas partially desat- 
urates each end first and that this partially desaturated 
zone moves through the core until the whole core is 
partially desaturated. The measured relative permeabil- 
ities taken during this initial desaturation period~are 
open to question since the saturations are non-uniform 
throughout the length of the core. The procedures 
developed in this paper would be ideal for comparing 
relative permeabilities measured in this manner to those 
wherein uniform desaturation occurs throughout the 
length of the core. One of the questions which has 
been raised regarding the capillary desaturation method 
for measuring relative permeability is the fact that in 
the field, desaturation is attained not by injecting gas 
into the formation but by formation of bubbles from 
solution gas. The desaturation mechanism proposed in 
this paper could be opened to the same criticism since 
it assumes a gas drive rather than a solution gas desat- 
uration mechanism. Different operational procedures 
would be required if it was assumed that the gas was 
formed within the capillary tubes. 

Some of us have been interested in the relationship 
between the relative permeability and the relative resis- 
tivity of cores. A simple relationship can be developed 
if a bundle of tubes is taken as a model; however, 
experimental data have shown that this simple rela- 
tionship does not hold for actual field cores. Work in 
our laboratory has indicated that the relationship be- 


tween the relative resistivity and the relative permeabil- 
ity is influenced by the rate of change of the pore size 
distribution. It is interesting to note that on the basis 
of the proposed model the author has found that there 
is a relationship between Archie’s saturation exponent 
“n” and the k,/k, ratio determined from relative permea- 
bility measurements. 

Relative resistivities have been measured in our lab- 
oratory on quite a number of California sandstones. 
These results have of course been influenced by the 
surface conductivities of the shaly constituents in the 
cores, but when their effect has been eliminated it has 
been found that the majority of the cores have an “n” 
of between 1.7 and 2.4 for the relationship proposed by 
Archie, i.e., the resistivity ratio is equal to the saturation 
to the minus “n” power. In the calculations in this 
paper surface conductivity was not considered. There- 
fore, we may conclude that for many California sand- 
stones the degree of interconnection would be equiva- 
lent to a 8 of between eight and 17 or that their equiv- 
alent network model should have between eight and 17 
tubes connecting to each tube. 

Some of the important assumptions which the author 
has made in carrying out his calculations are that: 
(1) there is only one phase flowing in any one tube at 
any time; (2) flow follows Poiseuille’s law for cylin- 
drical flow; and (3) the two-dimensional model upon 
which calculations were carried out is equivalent to 
three-dimensional flow. Although all of these assump- 
tions appear to be reasonable, experimental verification 
would seem desirable. The over-all conclusion arrived 
at by the author that these interconnected tube systems 
are valid models is based upon the fact that the results 
from these models appear to fit fairly close to experi- 
mental data on porous media. This is in itself a partial 
validation of the assumptions made. 

In reviewing this paper two questions have come to 
my mind which I should like to put to the author. 

1. Have you done any work on a system in which the 
number of pore connections are distributed in some- 
random manner according to an assumed distribution 
curve? It seems probable that natural pores do not have 
regular networks but are a combination of many types 
of interconnections. 

2. Have any actual cores been examined under a 
microscope so that the shape of the networks can be 
estimated and properties of these particular cores com- 
pared to those estimated theoretically by the procedure 
outlined in this paper? 
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This paper makes a notable advance towards a com- 
plete understanding of the characterization of reservoir 
rock. The thorough manner in which the author has 
investigated all the variables in his network model is 
commendable. The inadequacy of the bundle of capil- 
laries model has been recognized for a long time. The 
much more realistic model presented in this paper 
should enable us to be more precise in our thinking 
about flow behavior in porous media. Also, the accu- 
rate method presented for calculating pore size distri- 
bution from capillary pressure curves is a definite con- 
tribution. 
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The theoretically derived capillary pressure, relative 
permeability and resistivity curves closely resemble 
curves obtained from measurements on actual systems. 
The fact that the model desaturates to zero wetting- 
phase saturation does not appear to be a serious objec- 
tion as the theoretical curves can be used to represent 
only the region above interstitial water saturation. A no- 
table feature of the model is that the relative permea- 
bility curves do not add to one. 

However, the relative permeability curves for the 
model do differ somewhat from experimental oil-gas 
curves. In the network model, the curves appear to be 
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displaced too far to the left, in the direction of high 
non-wetting phase saturations. The non-wetting phase 
saturation which must be attained before flow starts 
varies from 15 to 70 per cent. In natural porous media, 
this critical non-wetting phase saturation is usually 
below 15 per cent. It is interesting that for all pore 
size distributions studied, the triple hexagonal curves 
for the non-wetting phase and the double hexagonal 
curve for the wetting phase lie farthest to the right. One 
can conclude that in reservoir porous media the 6 fac- 
tor is high; that is, each pore is connected to a large 
number of other pores. 

I should like to suggest three other ways in which 
the network model might be applied to the study of 
fluid flow behavior in porous media: (1) in miscible 


flood studies, (2) in waterflood studies assuming spon- 


taneous imbibition of water, and (3) in waterflood stud- 
ies assuming Darcy’s law flow in each capil,ary. 

Miscible floods might be studied using the network 
model in order to demonstrate the separate effects of 
pore size distribution and network type on displacement 
efficiency. An analog computer might be used which 
consists of a network of resistors and capacitors and 
the transient phenomenon measured when a voltage is 
applied across the network. 

The author quotes three references on miscible floods 
and states that 97 per cent of a fluid in sandstone or 


sintered glass is displaced by flooding with a single pore 
volume of miscible fluid. However, I believe this is 
true only for porous media having a uniform pore size. 
We have found on reservoir cares that up to 14 pore 
volumes of fluid are required to displace 97 per cent of 
the original fluid. 


Imbition water floods might be studied employing 
the network model. Rules would have to be set up gov- 
erning the order in which the capillary tubes imbibed 
water. One assumption that might have validity under 
certain flow conditions would be that water would fill 
completely capillary tubes throughout the network as 
the tube radius was increased in increments. Relative 
permeability curves and the residual oil saturation could 
be obtained by the author’s scheme of transferring resis- 
tors to another network. 

Water floods, assuming no capillary effects such as 
imbibition, might conceivably be studied using network 
models in order to determine the factors influencing 
residual oil saturations. Here the assumption would be 
that oil and water flow in each capillary tube according 
to Poiseuille’s law, and that when all the connections 
to the downstream end of the tube are filled with water, 
oil remaining in the tube will be unrecoverable. It is 
not apparent how some of the details of such an experi- 
ment would be worked out. 


AUTHOR'S REPLY to J. L GATES and to V. A. JOSENDAL 


I wish to thank John I. Gates and V. A. Josendal for 
their comments. Their comments seem to be a result of 
a detailed and thoughtful study of a rather long paper, 
and for this I am grateful. Both commentators have 
proposed tests on the network model in addition to 
those reported in the paper. My purpose in writing 
the paper seems to be fulfilled, for I wanted only to 
point out the possibilities of gaining further insight into 
multiphase flow in porous media by means of the net- 
work model. 

Gates points out the difference between desaturation 
by external drive and desaturation by a solution gas 
mechanism. I chose the external drive mechanism for 
developing the network model because published rela- 
tive permeability and resistivity index data were ob- 
tained by this method. A comparison of network curves 
with published curves for real systems was obviously 
desirable. However, a slight modification in the network 
manipulations allows the internal gas drive mechanism 
to be used to desaturate the network. Capillary pres- 
sure, relative permeability, and resistivity index curves 
can then easily be obtained for internal gas drive. 

I would like to point out in reply to Josendal’s sug- 
gestion for waterflood studies in networks that tremen- 
dous difficulties arise if one tries to study the dynamics 
of frontal movement in the network. In my work I was 
interested only in the network permeability at a fixed 
saturation. I did not concern myself with the rate of 
change of the saturation or the change in shape of 


the immiscible fluid front. At present I do not know 
how to handle dynamic displacement problems in the 
network. 

Nonsteady-state single phase flow can be studied in 
the network model by the addition of a capacitor to 
each resistor and by measuring electrical transients in 
the network. Such studies could show the effect of pore 
size distribution and network structure on transient flow 
behavior. For most porous media it is generally believed 
that nonsteady-state single phase behavior can be de- 
scribed by equations using steady-state permeability 
and porosity as normally measured. However, I believe 
that for fractured or vugular systems in which there 
is a large amount of porosity that does not contribute 
to permeability the steady-state permeability and the 
total porosity cannot be used to calculate nonsteady- 
state behavior. Network model studies could show how 
the porosity distribution influences nonsteady-state 
behavior. 

The answer is no to both of the specific questions 
asked by Gates. Randomly connected networks may be 
studied in the future; networks of this kind were not 
examined during the course of the work reported in this 
paper. Many thin sections of reservoir sandstone have 
been examined. All had irregular networks with a ran- 
dom number of pores joined at each junction point. No 
attempt was made to compare network structure as 
seen in the thin sections with the flow properties of the 
sand. 


DISCUSSION 


WALTER D. ROSE 
DONALD W. CARPENTER 
PAUL A. WITHERSPOON 

MEMBER AIME 


The writers agree with other reviewers that Fatt 
has developed an ingenious mathematical and analog 
model which can be used to investigate the microscop- 
1TORG 
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ics of mixture flow in porous media such as petroleum 
reservoirs. Valuable and heretofore nonexistent infor- 
mation has already been obtained and reported by Fatt, 
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and additional important postulations will come from 
others who study the properties of network models. 
For example, work is already underway in this labora- 
tory to treat imbibition and hysteresis effects as char- 
acteristic of three-dimensional models, making use of 
special digital computer (Illiac) facilities. 

At the moment, however, it seems important to ques- 
tion several features of Fatt’s pioneer work. First, we 
note that Fatt’s results appear to be essentially repro- 
ducible in that only minor discrepancies have been 
uncovered in the checks made to date. Since future 
work is being done on Illiac, it will be possible even- 
tually to know if the results of capillary desaturation 
and relative permeability depend on the “path” fol- 
lowed, which is the implication of our failure so far to 
check Fatt’s results in detail. 


More to the point, we wish to question the sense, 
and indeed the necessity, of Fatt’s neglect of the fact 
that the wetting phase must have an escape path (i.e. 
the wetting phase relative permeability must be finite) 
if capillary pressure desaturation is to continue. Con- 
ceivably, the postulation of zero contact angle and 
transfer via film flow is reasonable if, over geologic 
time, this is what actually occurs. However, if the lab- 
oratory capillary pressure experiment is the prototype, 
the model must have a different construction. 


Fig. 1 shows our check of Fatt’s Fig. 7 in Part I 
(Curve A), and our results (Curves B and C) obtained 
by imposing the condition that water must always have 
a path of continuity for exit in the same way that Fatt 
required a continuous path for oil entry. The boundary 
condition leading to Curve B was that oil could enter 
and water could exit at all four network edges, giving 
an “irreducible wetting phase saturation” of 13.6 per 
cent: the boundary condition leading to Curve C was 
that oil could enter at the top, bottom, and right edges, 
and that water could exit only at the left edge, giving 
a minimum water saturation of 23.3 per cent. The 
writers note that these values (Curves B and C) corre- 
spond more closely to laboratory experimental results 
than do Fatt’s curves. 


In these regards, Curve D of Fig. 1 will be of special 
interest. This depicts the transition zone shape and the 
residual oil saturation which would be left after first 
bringing oil into a water-filled system (i.e. Curve B), 
and then bringing gas into the oil-water system as a sec- 
ond non-wetting phase. Thus, a residual oil saturation 
of 18.3 per cent (ie. 31.9 per cent from Curve D 
minus 13.6 per cent from Curve B) is obtained. This 
is to say that if Fatt’s network model is a good repre- 
sentation of the reservoir rock prototype, there is still 
a possibility for trapping sizable volumes of oil even 
when the smallest pores are filled with irreducible 
(interstitial) water. 

Our major point is to raise the question whether or 
not the implication should be given by Fatt and his 
other reviewers (e.g. see discussion by Gates above) 
that the tortuosity concept is useless and that the need 
for it can be circumvented by use of the network model 
approach. In fact, it is shown below that tortuosity is 
implicitly considered in the network model, and that it 
continues to be a useful and valid concept as does the 
underlying Kozeny-Carman theory. 


Considering the data of Table I in Fatt’s Paper 
Ill, it is found that a value for porosity and specific 
surface area can be assigned to the model being dis- 
cussed. Also, the permeability is independently known 
from the resistance measurement on the analog com- 
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puter, and hence all the parameters are available that 
are needed to calculate the tortuosity implicit in the 
model according to the Kozeny-Carman equation. As 
might be expected from the network form under consid- 
eration (i.e. the triple hexagonal pattern), tortuosity 
comes out to be nearly the square of the reciprocal of 
the cosine of 30 degrees! (N.B. The above calculation, 
while lengthy, is easy to check and will be presented by 
the writers in a later publication.) * 

We think the tendency to regard the tortuosity factor 
as an invalid concept comes from the difficulty in de- 
fining the term exactly and in attaining an independent 
measurement of it. So far as Fatt’s network models are 
concerned, however, we feel it is intuitively evident 
that when the pore spaces are completely filled with a 
given fluid, the square network will have unit tortuosity, 
the single and double hexagonal networks will have a 
tortuosity equal to 9/4ths, and (as noted above) the 
triple hexagonal network will have a tortuosity between 
unity and the factor (cos 30°)”, depending on flow 
direction. Any of these networks will be characterized 
by higher values of tortuosity when there is more than 
one pore saturant, but it is clear that no simple method 
of calculation is available to actually determine what 
the wetting and non-wetting phase tortuosities will be. 
The most that can be said is that they are the statistical 


*To assign numerical values for permeability, porosity, and spe- 
cific surface area, reasonable conversion factors must be selected 
which relate length in Fatt’s arbitrary units to length in centi- 
meters, and which relate tube length to tube radius according to 
Fatt’s Eq. 14-III. The former determines specific surface area, 
the latter determines porosity, and a complex function of the two 
factors determines permeability and its relationship to electrical 
conductivity of the network. On the other hand, it can be shown 
that tortuosity itself is independent of the numerical value of these 
factors, and is determined entirely by the network pattern form. 
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equivalents of ratios of path lengths to bed lengths; but 
in a more fundamental sense, tortuosities are a measure 
of the degree of interconnection between pores and the 
continuity between groups of pores. Indeed, Fatt’s 
model is extremely useful in providing a visualization 
of the true significance of the tortuosity concept, for 


clearly tortuosity must bear some direct relationship to 
Fatt’s “beta” factor. It will prove extremely interesting, 
therefore, to test the Kozeny-Carman derived relative 
permeability theories on the network model, since in 
this case all contributing factors can be independently 
evaluated. 


AUTHOR'S REPLY to W. D. ROSE, D. W. CARPENTER, and P. A. WITHERSPOON 


I am gratified that Rose, Carpenter, and Witherspoon 
have undertaken a study of the network model. My 
work must be considered only as a beginning. It was an 
attempt to point out directions in which there may be 
profitable study. The use of high speed computers, such 
as the Illiac, will make possible tests of the network 
model that I could not even consider while limited to 
my pencil-and-paper accounting procedure. 

Rose, et al, have an excellent point in preferring a 
system in which there is a pore escape path for wetting 
phase over my system in which wetting phase escaped 
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from the network as a film on the pore walls. My sys- 
tem was chosen because it was amenable to pencil-and- 
paper methods and yet was, as Rose admits, a conceiv- 
able mechanism for desaturation. There are, however, 
many alternate desaturation schemes. 

I still see little to be gained from use of the tortuosity 
concept. Perhaps this stems from my unwillingness to 
accept the Kozeny-Carman relation as fundamentally 
sound or meaningful when applied to relative per- 
meability. 
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ESTIMATION of PRIMARY OIL RESERVES 


ABSTRACT 


This paper reviews the methods 
currently in use for estimating pri- 
mary oil reserves and discusses the 
principles on which these methods 
are based. Particular emphasis is 
placed on how these methods change 
with the type of information avail- 
able during the life cycle of an oil 
property. This paper contains various 
novel estimating methods and short- 
cuts heretofore’ unpublished. 


Estimating oil reserves is one of 
the most important phases of the 
work of a petroleum engineer since 
the solutions to the problems he 
deals with usually depend on a com- 
parison of the estimated cost in 
terms of dollars, with the anticipated 
result in terms of barrels of oil. His 
recommendations to management re- 
garding the best course of action are 
therefore normally based on the most 
favorable balance between these 
two. 

Specific engineering problems 
which require such a knowledge of 


Original manuscript received in Petroleum 
Branch office on Feb. 26, 1956. Revised manu- 
script received June 29, 1956. Paper presented 
at the Petroleum Conference—Economics and 
Valuation, Dallas, Tex., March 29-30, 1956. 

Discussion of this and all following techni- 
cal papers is invited. Discussion in writing (3 
copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
cussion offered after Dec. 31, 1956, should be 
in the form of a new paper. 
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recoverable oil reserves and a pro- 
jection of future rates are: [a.] the 
exploitation and development of an 
oil reservoir; [b.] the construction of 
gasoline plants, pipelines and refiner- 
ies; [c.] the division of ownership in 
unitized projects; [d.] the price to be 
paid in case of a sale or purchase of 
an oil property, and the magnitude 
of the loan which it will support; 
[e.] the proper depreciation rate for 
the investment in oil properties; and 
[f.] evaluation of the results of an 
exploration program. 

This discussion will be confined to 
the various methods and tools which 
are currently in use for estimating 
oil reserves to be obtained during the 
primary phase of an oil-producing 
reservoir and for a projection of the 
future production rates. Reserves 
which may be obtained by secondary 
recovery methods or fluid injection 
programs and gas and gas conden- 
sate reserves will not be discussed 
in this paper. 

Unfortunately, reliable oil reserve 
figures are most urgently needed dur- 
ing the early stages when only a 
minimum amount of information is 
available. Management’s interest 
in the oil recovery from a prop- 
erty—aside from its use for account- 
ing purposes—usually declines when 
the property approaches its economic 
limit, just at the time when the re- 
liability of the estimates is at its best. 


To illustrate this general idea a 


BRITISH-AMERICAN OIL PRODUCING CO. 


chart is presented (Fig. 1) showing 
the three periods in the life of an 
imaginary oil property. Time is 
shown on the horizontal axis, while 
the cumulative production and esti- 
mated ultimate recovery are plotted 
vertically. No particular units are 
used and this schematical chart is 
not to scale. 


During the first period, before any 
wells are drilled on a property, any 
estimates will of necessity be of a 
very general nature, based on ex- 
perience from similar pools or wells 
in the same area, and usually ex- 
pressed in barrels per acre. This will 
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therefore be called the “barrels per 
acre” period. The estimates can 
range all the way from AB (prop- 
erty non-productive) to CD, repre- 
senting the most optimistic view. 

The second period follows after 
one or more wells are drilled, and, 
assuming that the property is pro- 
ductive, it is now possible to pin the 
estimated ultimate recovery down 
within the much closer limits EF and 
GH. During this time interval most 
estimates are on a volumetric basis 
and are based on acre-feet of pay 
and a unit recovery expressed in bar- 
rels per acre-foot. The type of in- 
formation available during this per- 
iod consists of well logs, core anal- 
- ysis data, bottom-hole sample infor- 
mation and a subsurface map. Inter- 
pretation of this data in the light of 
early pressure behavior may lead to 
conclusions regarding the type of 
productive mechanism to be ex- 
pected. Production decline curves or 
other trends are not yet available 
during this second, or “barrels per 
acre-foot”, period. 

The third period follows after 
sufficient actual performance data on 
the property have become available 
_to-make a check of previous volume- 
tric estimates against decline curve 
trends possible. Also, the pressure 
behavior may now make material 
balance work possible, thereby offer- 
ing other valuable clues’ regarding 
the type of production mechanism 
and active oil in place. This in- 
creased amount of information 
causes the lines HJK and FLK, 
which delineate the range between 
optimistic and pessimistic estimates, 
to converge gradually in point K, 
which represents the true ultimate 
recovery or cumulative production 
at abandonment time. The dashed 
curve BK represents the cumulative 
recovery from the property. 

It follows from the foregoing that 
it is desirable for the engineer mak- 
ing a reserve estimate to provide his 
client or his management with the 
possible spread in estimated ultimate 
recovery, both high and low, or, if 
he provides them with a single fig- 
ure, to point out the probable error 
in his estimate. 

In reviewing the histories of many 
_ reserve estimates over an extended 
period of time in many different 
fields, it seems to be a common ex- 
perience that the really good fields 
such as East Texas, Oklahoma City, 
Yates or Redwater, etc., have been 
generally under-estimated during the 
early barrels per acre-foot period 
compared to their later perform- 
ance, while the poorer ones such as 
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West Edmond, Spraberry and the 
like are usually over-estimated dur- 
ing the early stages. 

It should be emphasized that, as 
in all estimates, the accuracy of the 
results generally cannot be expected 
to exceed the limitations imposed on 
it by inaccuracies in the available 
basic data. In other words, the bet- 
ter and more complete the available 
data, the more reliable will be the 
result. Another factor which is often 
overlooked — particularly in cases 
where property values are involved 
—is that additional investment in 
acquiring good basic data during the 
early stages oftentimes pays off later. 
With good basic data available the 
engineer making the estimate nat- 
urally feels more sure of his results, 
and will be less inclined to the cau- 
tious conservatism which sometimes 
creeps in when many of the basic 
parameters are based on guesswork 
only. 


VOLUMETRIC ESTIMATES 


GENERAL— Basic DATA 
REQUIRED 


During the second, or “barrels per 
acre-foot” period, reserve estimates 
are based on a knowledge of the oil- 
or gas-bearing reservoir volume and 
the physical characteristics of the 
reservoir rock and the reservoir fluids 
contained therein. These data must 
be supplemented with an informed 
guess as to the reservoir mechanism 
which will govern the withdrawals 
during the primary production per- 
iod. 

The petroleum engineering liter- 
ature of the last 25 years has dealt 
extensively with the determination 
of physical characteristics of the 
reservoir rock — such as porosity, 
permeability, relative permeability to 
the different phases, wetting charac- 
teristics, capillary pressure, and in- 
terstitial water—as well as with the 
significant physical characteristics of 
the reservoir fluids such as their vis- 
cosity, compressibility, gas solubility, 
shrinkage, and such other parameters 
as surface tension and _ interfacial 
tension. 


Prediction of the reservoir mech- 
anism under which recovery will be 
obtained during the primary phase 
of production also has found wide- 
spread treatment in the technical 
literature since the middle thirties, 
particularly since the introduction of 
the material balance concept and a 
better understanding of the inter-re- 
action between the oil reservoir and 
its adjacent aquifer, if such an aqui- 
fer is present. In this discussion it 


will therefore be assumed that the 
reservoir mechanism can be pre- 
dicted and that the necessary data 
on the reservoir rock and reservoir 
fluids are or can be made available. 


DEPLETION-TYPE RESERVOIRS 


Pools without an active water 


drive and which produce solely as 
the result of expansion of natural 
gas liberated from solution in the 
oil are said to produce under a de- 
pletion mechanism; also termed an 
internal or solution gas drive. When 
a free gas cap is present this mec- 
hanism may be supplemented by an 
external or gas cap drive. When the 
reservoir permeability is sufficiently 
high, the oil viscosity low, and when 
the pay zone has sufficient dip or a 
high vertical permeability, the deple- 
tion mechanism may be followed or 
accompanied by gravity segregation. 


When a depletion-type reservoir is 
first opened to production its pores 
contain interstitial water and oil with 
gas in solution under pressure. No 
free gas is assumed to be present in 
the oil zone. The interstitial water is 
usually not produced, and its shrink- 
age upon pressure reduction is negli- 
gible, compared to some of the other 
factors governing the depletion-type 
recovery. 


When this reservoir reaches the 
end of its primary producing life, 
and disregarding for the time being 
the possibility of gas cap drive or 
gravity segregation, it contains the 
same interstitial water as before, to- 


gether with a certain amount of resi- 


dual oil under low pressure. The 
void space vacated by the oil pro- 
duced and by the shrinkage of the 
remaining oil is now filled with gas 
liberated from the oil. During the 
depletion process this gas space has 
increased gradually to a maximum 
value at abandonment time. The 
amount of gas space thus created is 
the key to the estimated ultimate re- 
covery under a depletion mechanism. 
It is reached when the produced 
free gas-oil ratio in the reservoir, 
which changes according to the rela- 
tive permeability ratio relationship 
and the viscosities of oil and gas 
involved, causes exhaustion of the 
available supply of gas in solution. 


FINAL FREE GAS SPACE 
FROM CORE ANALYSIS 

If a sufficiently large number of 
accurate determinations of the oil 
and water saturation on freshly-re- 
covered core samples is available, an 
approximation of the total free gas 
space to be expected in a reservoir 
can be obtained from them. This 
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method is based on the assumption 
that the depletion process taking 
place within the core upon the 
reduction in pressure by bringing it 
to the surface is somewhat similar 
to the actual depletion process in 
the reservoir. Possible loss of liquids 
from the core before analysis may 
cause this total saturation to be too 
low. On the other hand, the smaller 
amount of gas in solution in the 
residual oil has a tendency to reduce 
the final gas phase. Those using this 
method hope that these two effects 
somewhat compensate for each other. 


STATISTICAL DATA ON 
FINAL Gas SATURATION 


In 1945 R. C. Craze and S. E. 
Buckley’, of the special API study 
committee on Well Spacing and 
Allocation of Production, collected 
a large amount of statistical data 
on the performance of some 103 
oil reservoirs in the United States 
for the purpose of a statistical 
analysis of the well spacing prob- 
lem. Twenty-seven of these fields 
appeared to be producing under a 
depletion-type mechanism. They pro- 
duce from formations widely differ- 
ing in geologic age and characteris- 
tics and have been operated with dif- 
ferent spacings and efficiencies. A 
study of the final gas saturation of 
these fields shows considerable scat- 
tering of the data, as is to be ex- 
pected. Most points seem to fall, 
however, between 20 and 40 per 
cent of the pore space, with the av- 
erage at 30.4 per cent. 


The average crude oil viscosity 
under initial reservoir conditions of 
these fields was 2.2 cp, while the 
average solution gas-oil ratio was 
378 cu ft/bbl. As shown by Muskat 
and Taylor’, higher solution gas-oil 
ratio or lower oil viscosity in the 
same reservoir rock tend to increase 
the final gas saturation and vice 
versa. 


CALCULATION OF THE 
UniT RECOVERY UNDER A 
DEPLETION MECHANISM 

Under initial conditions the res- 
ervoir rock contains, in barrels per 
acre-foot: 


Interstitial water 7758.f.Sw 
Reservoir oil 7758.f.(1-Sw) 
Stock tank oil 7758.f.(1-Sw) 


Bi 

in which f stands for porosity as a 
fraction and S,, for interstitial water 
as a fraction of the pore space; B; 
is the single phase formation volume 
factor for oil under initial condi- 
tions. 

Under abandonment conditions 


References given at end of paper. 


134 


the reservoir rock contains, in bar- 
rels per acre-foot: 


Interstitial water 7758.f.Sw 
Free gas 7758.f.S¢ 
Reservoir oil 7758.f.(1-Sw-Sg) 
Stock tank oil 7758.f.(1-Sw-Se) 


Ba 

in which S, stands for the final gas 
space as a fraction of the total pore 
space and B, is the single phase 
formation volume factor for oil at 
abandonment reservoir pressure. The 
unit recovery factor, DR, for a de- 
pletion-type reservoir is therefore: 

1-S,, 


DR = 7758.f. | 


GL) 


COMPUTED DEPLETION HISTORIES 
AND RECOVERY FACTORS 


Another approximate approach to 
the problem of estimating recoveries 
from depletion-type reservoirs is the 
use of the correlations developed for 
six different types of reservoir rocks, 
representing maximum, average and 
minimum conditions for sands and 
sandstones and for limestones, dolo- 
mites and cherts’. In this study these 
six types of reservoir rocks were as- 
sumed to be saturated with 12 syn- 
thetic crude oil gas mixtures, repre- 
senting gravities from 15° to 50° 
API, and gas solubilities from 60 to 
2,000 cu ft/bbl, and their production 
performance computed by means of 
the well-known depletion equation 
(see Eq. 2 on this page) in which the 
symbols correspond to the letter sym- 
bols recently submitted by the Petro- 
leum Branch Executive Committee of 
the AIME*, with the units defined as 
in Ref. 3. 

The results of this study, express- 
ing recovery factors as a percentage 
of stock tank oil in place, are repro- 
duced here as Table 1. In cases 
where no detailed data are available 
concerning the physical characteris- 


tics of the reservoir rock and its 
fluid content, this table has been 
found very helpful in estimating the 
possible range of depletion recovery 
factors. It may be noted that in 
general the most important single 
factor governing the recovery factor 
is the K,/K, relationship of the res- 
ervoir rock. Unconsolidated inter- 
granular material seems to be the 
most favorable, while increased ce- 
mentation or consolidation tends to 
affect recoveries unfavorably. Infor- 
mation obtained from various sources 
since publication of this paper’ seems 
to indicate that the K,/K, curve No. 
23 as shown in Fig. 2 for Wasson 
Dolomite was very likely in error 
and the maximum case for lime- 
stones and dolomites is therefore too 
high. It is recommended that the 
maximum case for sands and sand- 
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TABLE 1— PRIMARY RECOVERY IN PER CENT OF OIL IN PLACE FOR DEPLETION-TYPE RESERVOIRS 


Oil Solution Oil 


GOR Gravity Sand or Sandstones Limestone, Dolomite or Chert 
(Cu ft/bbl)  (°API) Maximum Average Minimum Maximum Average Minimum 
60 15 12.8 8.6 2.6 28.0 4.0 0.6 
30 21S 15.2 8.7 32.8 9.9 2.9 
50 34.2 24.8 16.9 39.0 18.6 8.0 
200 15 TSr3 8.8 3.3 27.5 4.5 0.9 
30 15.2 8.4 9.8 2.6 
50 37.4 26.4 17.6 39.8 19.3 7.4 
600 15 18.0 11.3 6.0 26.6 6.9 1.9 
2 ae 30.0 9.6 (2.5) 
13.8 

1,000 15 — = (423) 
30 34.4 21.2 12.6 32.6 13.2 (4.0) 

50 33.7 20.2 11.6 
2,000 15 = = 
50 40.7 24.8 15.6 32.8 (14.5) (5.0) 
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stones should be used for both types 
of rock. 

Next in importance is crude oil 
gravity with viscosity as its corollary. 
Higher oil gravities and lower vis- 
cosities appear to improve the re- 
covery. The effect of gas solubility 
on recovery factors is less pro- 
nounced and shows no consistent 
pattern. Apparently the beneficial ef- 
fects of lower viscosity and more 
effective gas sweep with higher gas- 
oil ratios is sometimes offset by the 
higher formation volume factors. 

In the previous reference® the re- 
sults were expressed in Table 1 as 
recovery in barrels per acre-foot per 
per cent porosity rather than as re- 
covery in per cent of oil in place. 
In general, these data seem to indi- 
cate a recovery range from the poor- 
est combinations of 2 or 3 bbl/acre- 
ft for each per cent porosity to the 
best combinations of 17 or 18 bbl/ 
acre-ft/per cent. An over-all average 
seems to-be around 10 bbl/acre-ft/ 
per cent. Analysis of the Craze-Buck- 
ley data indicates an over-all average 
of the order of 13 bbl/acre-ft for 
each per cent porosity. 

If the actual PVT data on the res- 
ervoir fluids are available, as well as 
all the necessary characteristics of 
the reservoir rock, the best way to 
arrive at a volumetric estimate is to 
actually compute the pressure-satura- 
tion relationship according to Eq. 2. 
The accuracy of this type of calcula- 
tion falls off rapidly if the pressure 
increments chosen are too large, par- 
ticularly during the final stages when 
the gas-oil ratio is increasing rapidly. 
In the study of Ref. 3 where compu- 
tations were carried out with IBM 
equipment, pressure increments of 10 
psi proved satisfactory. 

Babson’ and Tarner” have ad- 
vanced other computation methods 
which require a much smaller num- 
ber of pressure increments and can 
therefore be handled by desk calcu- 
lator. These methods are based on 
a trial-and-error type of solution of 
material balance and gas-oil ratio 
equations. 


THE EFFECT OF PERMEABILITY 
STRATIFICATION 

The permeability distribution in 
most reservoirs is sufficiently non- 
uniform in vertical and horizontal 
directions so that the depletion cal- 
culations as above on average ma- 
terial should be fairly representative. 

However, when distinct layers of 
high and low permeability are known 
to be present the depletion process 
may advance much more rapidly in 
a high permeability bank than in a 
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low permeability zone. In such a 
case separate calculations should be 
made for each permeability bank 
which is known to be continuous and 
the results converted into rate-time 
curves for each. The estimated ulti- 
mate should then be based on a su- 
perposition of such curves for the 
different zones. In that case one may 
find that the more permeable banks 
are depleted and have yielded their 
full unit recovery, while tighter zones 
are still partially saturated. The pro- 
duction rate from these tighter zones 
may, however, be so slow that the 
combined rate-for all zones has al- 
ready reached the economic limit. 


RESERVOIR EXPANSION ABOVE 
BUBBLE POINT 


Additional recovery can some- 
times be realized when a high pres- 
sure reservoir is undersaturated so~ 
that it may produce by virtue of the 
expansion of its own reservoir oil, 
its interstitial water and of the res- 
ervoir rock itself, until the bubble 
point is reached. Se 

This additional recovery by ex- 
pansion above the bubble point is 
sometimes quite substantial. In the 
case of the D-7 zone in the Ventura 
Avenue field, described by E. V. 
Watts’, 40 per cent additional re- 
covery was indicated from this 
source. 


GRAVITY SEGREGATION 

When conditions are favorable for 
gravity segregation or gravity drive, 
such as low oil viscosity, large pores 
and high vertical permeability or 
steep dips, the ultimate recovery can 
be estimated from a knowledge of 
the residual oil saturation remaining 
after such gravity segregation has 
taken place. Very little factual in- 
formation on residual saturation after 
gravity segregation is available in the 
literature. D. L. Katz’ reports that in 
the Oklahoma City Wilcox reservoir 
oil saturations were found in the gas 
zone varying between 1.0 and 25.9 
per cent, while oil saturations of be- 
tween 52.7 and 92.8 per cent were 
found below the gas-oil contact. 
These figures are in general agree- 
ment with actual recoveries com- 
puted by comparing the oil withdrawn 
with the volume of sand depleted. The 
writer found by studying the receding 
gas-oil contact, from detailed Okla- 
homa City Wilcox fluid level data, 
and by comparing the oil produced 
with the sand volume from which it 
was drained, that recoveries as high 
as 70 per cent of the pore space were 
not unusual. 


WATER DRIVE RESERVOIRS 


Natural water influx into oil reser- 
voirs is usually from the edge inward 
parallel to the bedding planes (edge 
water drive) or upward from below 
(bottom water drive). Bottom water 
drive is only possible when the reser- — 
voir thickness exceeds the thickness 
of the oil column, so that the oil- 
water interface underlies the entire oil 
reservoir. It is further only possible 
when vertical permeabilities are high 
and there is little or no horizontal 
stratification with impervious shale 
laminations. 

In either case, water as the displac- 
ing medium moves into the oil-bearing 
section and replaces part of the oil 
originally present. The key to a volu- 
metric estimate of the unit recovery 
by water drive is in the amount of oil 
which is not removed by the displac- 
ing medium. This residual oil satura- 
tion after water drive plays a role 
similar to the final gas saturation in 
the depletion-type reservoir discussed 
in the previous section. 

In order to determine the unit re- 
covery, it is necessary to again com- 
pare the amount of interstitial water 
and oil with dissolved gas initially 
present with the condition at aban- 
donment time, when the same intersti- 
tial water is still present but only the 
residual or non-floodable oil is left. 
The remainder of the original oil has 
at that time been removed by water 
displacement. 


COMPUTATION OF RESIDUAL 


Or PERCENTAGE BY 


FRONTAL DRIVE METHOD 

Calculation of the residual oil per- 
centage from laboratory data on the 
relative permeability relationship for 
reservoir oil and water combined with 
the necessary viscosity data is possible 
by means of the Buckley and Leverett 
frontal drive method’, which has been 
modified and simplified by Pirson* and 
Welge’. The difficulty of obtaining a 
reliable relative permeability relation- 
ship for the reservoir rock being stud- 
ied has, however, somewhat restricted 
the practical use of this ingenious 
method. 
RESIDUAL OIL SATURATION 
FROM CORE ANALYSIS 

The method most commonly used 
is to consider the oil saturation as 
found by ordinary core analysis after 
correction for shrinkage as the resid- 
ual oil saturation to be expected from 
flooding with water. This is based on 
the assumption that water from the 
drilling mud invades the pay section 
just ahead of the core bit in a manner 
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similar to the water displacement 
process in the reservoir itself. 


STATISTICAL METHOD, WITH 
CORRECTIONS FOR VISCOSITY 
AND PERMEABILITY 


The analysis by R. C. Craze and 
S. E. Buckley’ referred to in the previ- 
ous section is also a valuable source 
for statistical data on residual oil sat- 
uration after water drive. Some 70 of 
the 103 fields analyzed produced 
wholly or partially under water drive 
conditions. Like the depletion-type 
fields, they were widely distributed 
geographically and produced from 
formations which differed in their 
geologic ages, physical properties, and 
structural characteristics, contained 
oils of different properties and pro- 
duced under varying degrees of oper- 
ating efficiency. A study of the calcu- 
lated residual oil saturations for these 
fields shows a wide range; from 17.9 
to 60.9 per cent of the pore space. 
However, the data seem to relate 
themselves distinctly according to the 
oil viscosity and the reservoir permea- 
bility. 

The average correlation indicated 
by the authors between oil viscosity 
and residual saturation, both under 
reservoir conditions, is shown by the 
following tabulation: 


Reservoir Oil Viscosity Residual Oil Saturation 


(in cp) (per cent of pore space) 
0.2 30 
0.5 32 
1.0 34.5 
2.0 37 
5.0 40.5 
10.0 43.5 
20.0 46.5 


The deviation of the individual data 
from this average showed the follow- 
ing trend against average formation 
permeability: 


Deviation of Residual Oil 


Average Reservoir Saturation from Viscosity 


Permeability Trend 
(in md) (per cent of pore space) 
50 +12 
100 
200 + 6 
500 + 2 
1,000 
2,000 
5,000 


According to these statistical 
trends, the residual oil saturation un- 
der reservoir conditions for a forma- 
tion containing 1 cp oil and having an 
average permeability of 500 md can 
be estimated at 34.5 + 2, or 36.5 per 
cent of the pore space. 


MULTIPLE CORRELATION 
ANALYSIS 

In another more recent statistical 
study of Craze and Buckley’s water 
drive field recovery data by Guthrie 
and Greenberger” multiple correla- 
tion analysis methods were used to 
determine the best-fitting correlation 
between the water drive recovery fac- 


tor and the various significant parame- 
ters. Their equation reads: 

Recovery fraction = .11403 + 
2719 

in which K represents permeability in 
millidarcies, S, the interstitial water 
saturation, p, the oil viscosity in centi- 
poises, f the porosity fraction and H 
the pay thickness in feet. 


Since Craze and Buckley’s data was 
arrived at by comparing indicated re- 
coveries per acre-foot with porosity 
data from the reservoir rock, the re- 
sidual oil calculated by this method 
includes a recovery efficiency factor 
which is not present when basing the 
estimate on residual oil as found in 
the cores. This recovery factor re- 
flects the effect of spacing, if any, and 
of by-passing some of the oil in less 
permeable strata by more rapid water 
influx through permeable zones. Also, 
it includes.the effect of having to 
abandon a property before the water- 
flooding action in all zones is com- 
plete, because of the water-oil ratio 
reaching the economic limit. When 
using this data, therefore, one will not 
arrive at the unit recovery under 100 
per cent efficient water flooding, as 
would be obtained from the core an- 
alysis data, but rather find an over-all 
average recovery per acre-foot. 


CALCULATION OF THE UNIT 
RECOVERY UNDER A WATER 
DRIVE MECHANISM 


Under initial conditions the reser- 
voir rock contains, in barrels per acre- 


foot: 
Interstitial water 7758..Sw 
Reservoir oil 7758.f.(1-Sw) 
Stock tank oil 7758 .f.(1-Sw) 


Bo 
Under abandonment conditions the 
reservoir rock contains, in barrels per 


acre-foot: 


Interstitial water 7758.f.Sw 
Residual oil 


(Stock tank conditions) 7758.f.So 
in which S, stands for the residual oil 


saturation under surface conditions as 
a fraction of the total pore space and 
B, is the single phase formation vol- 
ume factor for oil. The unit recovery 
factor for a water drive reservoir 
WR is, therefore: 


WR = 7758 Xf X ( = s.) 


CORRECTION FOR 
PERMEABILITY DISTRIBUTION 


Eq. 4 shows the unit recovery fac- 
tor for a 100 per cent effective water 
drive. In many reservoirs the permea- 
bility distribution is sufficiently non- 
uniform in both vertical and horizon- 
tal directions so that a flood front or 


an oil-water contact will advance 
more or less in the same manner as if 
the formation were entirely uniform. 
In such a case the unit recovery fac- 
tor should be representative except 
possibly for a correction to allow for 
efficiency of the drainage pattern. In 
other reservoirs there may be distinct 
layers of higher and lower permeabili- 
ties which appear to be more or less 
continuous across the reservoir. In 
such a case water may advance much 
more rapidly through the high perme- 
ability streaks than through the tighter 
zones. Allowance must then be made 
for this permeability distribution. In 
case the nature of the continuity of 
different permeability streaks is un- 
known, the estimate which takes the 
permeability distribution into account 
should be considered as a conserva- 
tive one, while the one based on a uni- 
form reservoir throughout should re- 
sult in an optimistic figure. W. E. 
Stiles * in 1949 showed how the re- 
covery from a waterflood property 
may be computed, while taking into 
account the permeability distribution. 
A simplified version of his method in 
tabular form is shown on Table 2. The 
data on this tabulation are adopted 
from a Tensleep sand reservoir in 
Wyoming where good statistical aver- 
ages on more than 3,000 core analy- 
ses were available. Part of these cores 
were taken with water-base mud, 
which yielded the residual oil figures 
on Line 6. Another portion was taken 
with oil-base mud and yielded the in- 
terstitial water figures of Line 8. 

The cores were divided into the five 
permeability groups shown on Line 1 
and appeared to have a fractional dis- 
tribution of the samples as shown on 
Line 2. Line 3 carries the average per- 
meability for each group, while Line 4 
shows the capacity of each group in 
terms of darcy feet. For this purpose 
it was assumed that the calculation 
applied to a representative 100-ft total 
section. 

The relative water permeability K,, 
behind the flood front is shown on 
Line 7, while the relative oil permea- 
bility K, ahead of the water in the 
clean section is listed on Line 9. 
These relative permeabilities were 
based on laboratory measurements. 
The unit recovery factor for each 
group was then computed by means 
of Eq. 4. The formation volume fac- 
tor B, used was 1.07. 

On Line 11 is shown the cumula- 
tive wet capacity in darcy feet under 
the assumption that the five groups 
are watering-out progressively in the 
order from high to low permeability. 
The figures shown are the cumulatives 
of those on Line 4. On Line 12 the 
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cumulative remaining or clean oil ca- 
pacity is carried, which is equal to the 
total capacity of 3.243 darcy ft minus 
the wet capacity on Line 11. The 
water-oil ratio of the produced stream 
from such a linear water flood is 
shown on Line 13 based on: 


the produced stream vs cumulative oil 
recovery per acre-foot will be found 
on Fig. 2. Based on economic limit 
considerations, a final oil percentage 
of 2 per cent is indicated for this field 
and the corresponding recovery at 
that time can be found by interpola- 


ery may be obtained due to this so- 
called buoyancy effect. 

In addition to these buoyancy phe- 
nomena there is also the effect of cap- 
illarity and preferential wetting of the 
reservoir rock by water. Imbibition of 
water from fractures and vugular ma- 


WoR = tx Ky v SKek tion as 292 bbl/acre-ft. terial into the low permeability matrix 
ie Se Ske! As stated before, unless the conti- aS the water advances may materially 
(5)  huity of the various permeability aid the above buoyancy mechanism, 


or, with an oil viscosity of 5.5 cp and 
a water viscosity of 0.46 cp: 


CLI) 
WOR = 

It will be noted that the WOR at 
the time all permeabilities down to 
100 md are wet has reached 15.5. 
When the watering-out process has 
advanced down to 50 md the WOR is 
36.0. When groups 3 and 4 succes- 
sively water out the WOR has in- 
creased to 76.5 and 307.9, respec- 
tively. 

On Line 14 is shown the cumula- 
tive oil production from each group 
at the time group 1 is watered-out 
(Min Kye. = 100 md; WOR = 
15.5). In group 1 the recovery of 61.6 
listed is the product of Line 2 and 
Line 10 (full unit recovery). For each 
of the other groups the full recovery 
is reduced in the proportion of its 
average permeability to 100 md, 
based on Stiles’ assumption that the 
advance of a linear flood will be ap- 
proximately proportional to its aver- 
age permeability. The total recovery 
for all groups corresponding to WOR 
= 15.5 is shown as 175.4 bbl/ 
acre-ft in the last column. In a similar 
manner the cumulative oil production 
for Min Ky... = 50 md; WOR = 
36.0, or 260.4 bbl/acre-ft, is com- 
puted on Line 15, and for Min Kye 
0 *md, ‘respectively, 
344.5, 418.3 and 559.6 bbl/acre-ft, 
on Lines 16, 17 and 18. A graphical 
presentation of the results of this com- 
putation in terms of oil percentage in 


zones across the structure is definitely 
established, this recovery figure should 
be treated as a conservative one. 


BUOYANCY EFFECTS 


In limestone pools producing un- 
der a bottom water drive, such as 
certain of the vugular D-3 Reef res- 
ervoirs in Alberta, one finds an ex- 
treme range in the permeabilities, 
often running from microdarcies on 
up to the darcy range. Under those 
conditions the modified “Stiles” 
method heretofore described yields 
results which are decidedly too low. 
The reason is that in pools like the 
Redwater D-3 there is a substantial 


density difference between the rising 


saltwater and the oil. While the water 
rises and advances through the highly 
permeable vugular material, it may at 
first bypass the low permeability 
matrix material leaving oil trapped 
therein. However, the moment such 
bypassing occurs, a buoyancy gradi- 
ent is set up across this tight material 
which tends to drive the oil out ver- 
tically into the vugular material and 
fractures. In the case of Redwater 
D-3, where the density difference be- 
tween salt water and oil is 0.26, while 
the vertical permeabilities for matrix 
material are only a fraction of the 
horizontal permeabilities, a simple 
calculation based on Darey’s law ap- 
plied to a vertical tube with a cross- 
section of 1 sq cm shows that during 
the anticipated lifetime of the field 
very substantial additional oil recov- 


but are much more difficult to eval- 
uate quantitatively. To make a calcu- 
lation of the recovery under a buoy- 
ancy mechanism it is necessary to first 
determine by statistical analysis of a 
large number of cores the average 
interval between high permeability 
zones. A separate computation is then 
made for each of the permeability 
ranges to determine what percentage 
of the matrix oil contained in a theo- 
retical tube of such average length 


~ may be driven out during the produc- 


ing life of the reservoir under the 
effect of this buoyancy phenomenon. 

Surprisingly improved recoveries 
are generally indicated by this method 
over what one would expect from a 
“Stiles” type calculation and the re- 
sults from recent studies of the rise in 
water table seem to confirm the valid- 
ity of this concept. 


ESTIMATES BASED ON 
PERFORMANCE DATA 


Estimates of ultimate recovery by 
extrapolation of a performance trend 
fundamentally all follow the same 
pattern. The two quantities one 
wishes to determine are usually either 
remaining oil reserves or remaining 
productive life. Cumulative produc- 
tion and time are therefore normally 
selected as independent variables, and 
plotted as abscissae. A varying char- 
acteristic of the well performance 
which can be easily measured and re- 
corded is then selected as dependent 
variable to produce a trend curve. For 
extrapolation purposes this variable 
has to meet two qualifications: (1) 


its value must be a continuous func- 
tion of the independent variable and 


BLE 2—-COMPUTATION OF THE WATER DRIVE RECOVERY FACTOR FOR A TENSLEEP SAND 
RESERVOIR IN WYOMING BY THE ‘‘PERMEABILITY-BLOCK'' OR MODIFIED STILES METHOD 


P : 2 3 é 5 Total change in a uniform manner; and (2) 
GROU g 
1. Permeability Range (md) it must have a known end point. 
3. Average Permeability (md) 181.3 69.0 34.4 Vu, a4 By making a graph of the values 
4. Capacity in darey feet of this continuously changing depend- 
Resid. Oil Fraction (So) .173 198 -200 217 222 ent variable as ordinates against the 
(ee) 60 156 54 value of the independent variable 
elative ater erm. w . . 5 
“9. Relative Oil Permeability (Ko) 475 253 (cumulative production or time) as 
10. Est. Unit Recovery Factor (bbl/acre-ft) 725 693 72) d 
11. Cum. ‘'Wet'' Cap. & (4) 1.543 2.295 2.794 3.135 : abscissae and graphica , p 
12. Cum. ‘'Clean Oil’? Cap.=3.243-(11) 11,700 0.248 0.449 ing the apparent trend until the known 
14. Cum. Rec. WOR = 15.5 61.6 52.1 35.9 21.3 4.5 175.4 end point is reached, an estimate of 
Min Kwet = 100 
15. Cum. Rec. WOR = 36.0 61.6 75.5 71.9 42.5 8.9 260.4 the remaining ae ee eat 
. The basic as- 
Reed WORE 76.5 61.6 75.5 104.5 85.1 17.8 344.5 life can be obtaine 
18. Cum. Rec. WOR = co 61.6 75.5 104.5 132.1 185.9 559.6 of a curve in the past will continue to 
Min Kwet = 
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govern its trend in the future in a uni- 
form manner. 

This extrapolation procedure is 
therefore strictly of an empirical na- 
ture, and a mathematical expression 
of the curve based on physical con- 
siderations of the reservoir can only 
be set up for a few simple cases. The 
dependent variables most commonly 
selected, and their extrapolation, are 
as follows. 


RATE OF PRODUCTION 

Rate of production is by far the 
most popular dependent variable used 
when production is not restricted. In 
that case one commonly refers to pro- 
duction decline curves. The two main 
types are rate-time and rate-cumula- 
tive curves for each of the two inde- 
pendent variables. Rate of production 
has the advantage of always being 
readily available and accurately re- 
corded. When no major changes in 
operating procedure are made, and no 
stimulation treatments are applied, 
the curves normally show a fairly 
smooth declining trend over extended 
periods. This trend usually lends itself 
well to extrapolation. The second re- 
quirement is also easily met, since 
known or estimated operating costs 
make it possible to determine the eco- 
nomic limit rate, or the end point of 
the curve. This economic limit rate is 
the production rate which will just 
meet the direct operating expenses of 
a well. In determining this economic 
limit it is often advisable not to use 
the operating expenditures charged to 
a well but to analyze these costs 
closely and determine how much 
would actually be saved if the well 
were abandoned. This saving yields a 
more reliable yardstick of the true 
economic limit of production, since 
certain expenses may have to be con- 
tinued if other wells on the lease are 
kept in operation. The following is a 
sample calculation of the economic 


limit for a well: 


Crude Price per bbl $2.80 
Gas Revenue per bbl $0.20 


Total $3.00 
Royalty (12.5 per cent) $0.375 
Local Taxes (per 7/g bbl) $0.125 


Leaves Net Income per Gross Barrel 
Estimated direct operating cost 

at Economic Limit 
Estimated Economic 

Limit Rate 100 gross bbI/month 


The mathematical background of 
these rate-time and rate-cumulative 
curves in connection with the so- 
called loss ratio method of extrapola- 
tion has been discussed in detail in a 
previous publication”. 

Three types of decline curves are 
commonly recognized: constant per- 
centage decline, hyperbolic decline 
and harmonic decline. 

With constant percentage decline 
the drop in production per unit of 


$2.50 
$250 per menth 
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time is a constant fraction of the pro- 
duction rate. 

With hyperbolic decline the drop 
in production per unit of time as a 
fraction of the production rate is pro- 
portional to a fractional power of the 
production rate, this power being be- 
tween 0 and 1. 

With harmonic decline the drop in 
production per unit of time as a frac- 
tion of the production rate is directly 
proportional to the production rate. 

Integration of the basic differential 
equations leads to rate-time relation- 
ships, as shown on the classification 
of production decline curves of Fig. 3. 

After integrating these rate-time 
equations a second time the rate- 
cumulative relationships shown in 
this same table are obtained. On the 
chart of Fig. 4 are shown the trends 
of these three types of rate-time and 
rate-cumulative curves on regular co- 
ordinate paper, semi-log paper, and 
log-log paper. 

Inspection of this chart shows that 
in the case of constant percentage de- 
cline the rate-time curve becomes a 
straight line on semi-log paper, while 
the rate-cumulative curve straightens 
out on regular coordinate paper. In 
either case the tangent of the angle of 
slope is equal to the decline fraction. 

In the case of hyperbolic-type de- 
cline curves the rate-time relation- 
ship as well as the rate-cumulative re- 
lationship can be straightened out 
after shifting to become straight lines 
on log-log paper. The shifted rate- 
cumulative curve in this case assumes 
a reverse slope. Besides the extra 
work involved in shifting, this type of 
paper also has the disadvantage that 
the horizontal scale on which the un- 
known variable is plotted usually 
becomes rather crowded at the point 
where the answer is desired. For this 
reason, special graph paper for hyper- 
bolic decline was designed”, making 
it possible to plot either time or cumu- 
lative on a linear scale and still obtain 
the advantage of straight line extra- 
polation. 

In the case of harmonic decline it 
may be noted that the rate-time rela- 
tionship can also be straightened out 
on log-log paper after shifting, and 
assumes a slope of 45°. It may be of 
interest that in this specific case a plot 
of the inverse of the production rate 
versus time on a linear scale should 
also yield a straight line. The rate- 
cumulative relationship for harmonic 
decline becomes a straight line on 
semi-log paper. The decline fraction 
in this case is equal to the rate times 
the tangent of the slope angle. 


It should be stressed that in this 
mathematical treatment of different 


= 


types of decline curves the decline 
fraction is instantaneous and theoret- 
ically applies only to a very short time 
interval. 

An analysis of a large number of 
actual production decline curves as- 
sembled by W. W. Cutler, Jr.” indi- 
cates that most decline curves nor- 
mally encountered are of the hyper- 
bolic type, with values for the ex- 
ponent n between 0 and .7, while the 
majority fall between 0 and .4. The 
occurrence of harmonic decline (n = 
1) is apparently rare. 

As a matter of convenience the 
semi-log paper is most often used for 
rate-time extrapolations, while regu- 
lar coordinate paper is favored for 
rate-cumulative extrapolations. Since 
straight line extrapolation in these 
cases assumes a constant percentage 
decline, it will be obvious that such 
extrapolations therefore generally 
provide results which are too conserv- 
ative. Experienced engineers usually 
allow for this by graphically flattening 
the decline slope in the later stages. 


O1L PERCENTAGE IN TOTAL FLUID 
Another popular variable which is 
oftentimes substituted for the pro- 
duction rate in water drive fields is the 
oil percentage of the total fluid pro- 
duced. Since projections of this oil 
percentage vs time are not often 
required, one usually finds this oil 
percentage variable only plotted 
against cumulative. An example of 
this on semi-log paper is shown for a 
Tar Springs reservoir in the Calvin 
field of Illinois in Fig. 5. The end 
point in this case is the lowest oil 
percentage which, combined with the 
fluid-producing capacity of the lease, 
will just cover operating expenses. 


CUMULATIVE GAS VERSUS 
CUMULATIVE OIL 


It is a characteristic of most oil 
reservoirs that only a fraction of the 
oil in place is recoverable by primary 
production methods. Gas, on the 
other hand, moves much more freely 
through the reservoir and it can gen- 
erally be assumed that at abandon- 
ment time only the solution gas in the 
remaining oil at the then-prevailing 
pressure plus the free gas at that same 
pressure are left in the reservoir. In 
other words, even though it is not 
known exactly how much oil may be 
recovered, a much firmer idea is gen- 
erally available of the amount of gas 
that will be produced during the pri- 
mary production period. This pro- 
vides us with the possibility of an end 
point to a performance curve. The 
cumulative gas-cumulative oil method 
is illustrated with the chart on Fig. 6. 
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DECLINE TYPE I. CONSTANT- PERCENTAGE IL. HYPERBOLIC I. HARMONIC 
DECLINE DECLINE DECLINE 
ACTERISTIC n=0 OF THE PRODUCTION RATE. Nis 
dy, d d 
dt q q 
FOR INITIAL CONDITIONS: FOR INITIAL CONDITIONS: 
Di 
t t t qt 
dq Dj d d 
Ddt =- 4 q 
‘ — 
t -n Dit 
RATE - TIME 
RELATIONSHIP 2 4, (1 +n0,t)™ Q, = a (1 + 
t t t t 
° 
-ot 
dy 
Substitute From Rate-time Equation: Substitute From Rate - time Equation: Substitute From Rate - time Equation: 
qi 
qe (1+ nDjt) = (1+ t) = 
To Find: To Find: : = To Find: 
n 
__D= Decline as a fraction of production rate q, = Production rate at time t 
Dj = Initial decline Q,; = Cumulative oil production at time t 
qa; = Initial production rate K = Constant 
= Time n= Exponent 
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Cumulative oil production is plotted 
on the horizontal scale while the cu- 
mulative gas production is plotted 
on the vertical scale. As is normal in 
depletion-type fields, the trend of the 
curve appears to steepen with in- 
creasing gas-oil ratios. 

From a volumetric calculation an 
estimate is made of the total gas to be 
released from this reservoir down to 
an assumed abandonment pressure. 
This figure, which in this case was 
1.42 billion cu ft, is marked on the 
chart as a horizontal line and repre- 
sents the ceiling of the cumulative gas- 
cumulative oil curve. 


By extrapolating the current trend 
until it intersects the estimate for the 
total gas available, an estimate can 
be obtained for the total oil recovery 
during the primary period. 


OIL-WATER CONTACT OR 
ABANDONMENT CON'rOUR 
vs SAND Top 


Another method which is some- 
times practiced in the larger water 
drive fields, such as East Texas, is to 
choose the depth of the oil-water con- 
tact or abandonment contour as the 
dependent variable to be plotted 
against the cumulative oil recovery as 
the independent variable. The end 
point of this type of performance 
curve is the average depth of the top 
of the sand for a given lease. The 
method of extrapolation in this case 
is based on the simple assumption 
that whenever the abandonment con- 


tour progresses to the top of the sand 
the lease is ready for abandonment. 
An example of this is shown on the 
chart of Fig. 7. 

By plotting this type of chart for 
many leases in the East Texas field it 
has been noted that the rise in the 
water table appears to be more or less 
proportional to the cumulative pro- 
duction. 


RELATIONSHIP BETWEEN 
RESERVES AND DECLINE 


From the rate-cumulative equation 
for constant percentage decline shown 
on Fig. 3 it may be noted that the 
remaining reserves are equal to the 
difference between the present pro- 
duction rate and the production rate 
at the economic limit, divided by the 
decline as a fraction. The same time 
units should be used for determining 
both decline and production rates. 


This leads to the following short- 
cut: When the decline is 1 per cent 
per month the remaining reserves are 
100 times the difference in monthly 
production rates; for 2 per cent de- 
cline. per month this ratio equals 50; 
for 3 per cent it is 33 1/3; for 4 per 
cent it is 25, etc. 

When production rates are on a 
daily or annual basis the same for- 
mula holds, provided the decline is 
calculated on the same time basis. 


CONCLUSION 


A very important use of reserve 
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estimates has often been overlooked. 
Reference is made to the comparison 
between the recovery analysis based 
on volumetric data with the one ob- 
tained from a projection of individual 
well performance. 

Oftentimes it is difficult to fit the 
projected performance to the volu- 
metric estimate. If both types of esti- 
mates are based on good, reliable 
information but cannot be reconciled, 
some important conclusions may be 
drawn from this discrepancy. If the 
performance indicates a substantially 
lower ultimate recovery than the vol- 
umetric calculation would indicate, it 
might mean that there is something 
fundamentally wrong in the produc- 
tion practices used. Possibly more 
drainage points are needed or the 
wells need stimulation treatments or 
cleanout jobs. 

On the other hand, if the well per- 
formance projection indicates an ulti- 
mate recovery well in excess of the 
volumetric estimate, it could mean 
that the subsurface interpretation used 
may be in error and that there may be 
a larger oil reservoir on hand than 
current subsurface interpretation in- 
dicates. In that case it might be highly 
desirable to look for a possible exten- 
sion to such an oil reservoir. 
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A GRAPHIC METHOD of DIPMETER INTERPRETATION 


USING the STEREO-NET 


The importance of determining 
dips of subsurface formations in 
wells, especially in wildcat wells, is 
self-evident and need not be en- 
larged upon. 

Various dipmeter instruments have 
been described in technical liter- 
ature””** over the years. The intro- 
duction of the continuous dip- 
meters’* has made the earlier types 
obsolete. 

Continuous dipmeter logs are run 
by at least two different major serv- 
ice companies. Included as part of 
the service are a limited number of 
dip calculations—usually 10—made 
at different levels from the log. Very 
frequently this is the total result of 
a dip survey. It is believed that dip- 
meter surveys would be of consider- 
ably more advantage if geologists 
and engineers were able to make 
their own calculations from the 
original records. 


Determination of dips from the 
dipmeter record starts with the cor- 
relation of three log curves taken at 
different sides of the borehole. It 
cannot be over-emphasized that the 
quality of the results hinges pri- 
marily on this correlation. Nobody 
should be better qualified to correlate 


*Now with Gulf Research & Development 
Co., Pittsburgh, Pa. 

WReferences given at end of paper. 

Original manuscript received in Petroleum 
Branch office on March 9, 1956. Revised 
manuscript received May 25, 1956. 
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logs than a subsurface geologist or 
field engineer. 

The next requirement is to have 
an easy yet accurate way of com- 
puting the dip from the correlated 
points. Service companies use a 
mechanical device -for this pur- 
pose.** Directions for a graphical 
method were given in a recent ar- 
ticle by B. O. Prescott’. 


This paper describes a different 
graphical technique which, in our 
experience, is simpler, faster and at 
least as accurate. The entire manipu- 
lation is carried out on the stereonet 
in a number of easy moves. 


The paper is divided into two 
parts. This first part contains the in- 
troductory sections and full explana- 
tion of the geometry involved. The 
second part reviews the reading of 
data from an actual field log and 
summarizes the practical rules for 
computation of dips, the whole proc- 
ess being illustrated by an example. 


Following the outlined procedure, 
one could calculate a good many 
levels in a relatively short time, thus 
being able in particular to check sus- 
pected anomalies such as fault zones 
or unconformities in as close detail 
as the log will permit.’ 


GENERAL EXPOSITION OF 
THE METHOD 


PRNCIPLE OF THE DIPMETER 
The position of a plane in space is 


defined by the location of three 
points, not on a straight line. 
Referring to Fig. 1, if a borehole 
traverses a bedding plane, we can 
determine the strike and dip of the 
bed by finding three points which 
are not in line along this plane. Such 
points as A, B, and C are obtained 
with the dipmeter. The device con- 
sists of three electrodes (or caliper 
arms) 1, 2, and 3 spaced at 120° 
angles, as schematically indicated, 
whose readings are separately re- 
corded (Curves I, II, III, to the right). 
When electrode 1 passes the boun- 
dary of the bed, Curve I will kick, 
etc. From these curves, we know 
the relative distances of points A, 
B, C, measured along the axis of the 
hole. If A is at zero, then B and C 
are at levels d, and d, up the hole, 


Fic. 1—ScHEMATIC DRAWING. 


Showing three electrodes 1, 2, 3 of the dipmeter 
sonde in a borehole traversing an inclined bedding 
plane. At right the registration of the three log 
curves is indicated and the relative displacement 
between them. 
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respectively. A rotation of the bed- 
ding plane around the axis of the 
hole would not change these dis- 
tances, so in order to pin down 
points A, B, C, we have to know the 
direction in which they lie, as seen 
from the center of the hole. This is 
given by another curve on the log 
(see Fig. 2) which shows the azi- 
muth of No. 1 electrode; i.e., the 
angle which it makes with Magnetic 
North.* Furthermore, we have to 
know how far out from the axis of 
the hole points A, B and C are lo- 
cated. This information is provided 
by the caliper trace on the log 
(Fig. 2). 

Now we have the exact position of 
A, B, and C with respect to the axis 
of the hole. 

In order to find the true position 
of A, B, and C in space, we have to 
know the orientation of the hole 
relative to some fixed references. On 
the continuous dipmeter records, it 
takes two curves to define the in- 
clination of the hole (angle of devia- 
tion from the vertical) and its azi- 
muth (i.e., angle which the vertical 
plane through the hole makes with 
Magnetic North). Usually on the 
pertinent log curves, the drift of the 

_hole is resolved in two components, 
one in the vertical N-S plane and the 
other in the vertical E-W plane. The 
total resultant drift is found from its 
components in the manner described 
later in this paper. 


*More accurately, the angle measured 
clockwise between Magnetic North and the 
vertical plane through the electrode. 
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Having obtained the basic data 
from the dipmeter record, we are 
ready to proceed with the final com- 
putation of the angle of dip and its 
direction using the stereographic net 
(Wulff’s net). 


THE STEREOGRAPHIC NET 


The stereographic net (Fig. 3) 
may be thought of as a map of one 
hemisphere of a perfect globe show- 
ing: the North and South Poles (top 
and bottom), a set of meridians (at 
2° intervals running north and 
south) and a set of parallels (at 2° 
intervals running east and west), 
among them the equator (middle). 
The meridians represent great circles 
on the globe; the parallels are small 
circles at right angles thereto. The 
circumference of the map is a cir- 
cle equally divided at 2° intervals 
into 360°. 


This circular plot is very conveni-- 


ent to portray directions and to solve 
problems involving rotation around 
axes. (Such as the multiple tilt prob- 
lem in structural geology.) *** 


Any direction / in space is unique-_ 


ly defined when we are given two 
angles a, and @, in a spherical co- 
ordinate system, as in Fig. 5A. Here 
the directions chosen for the co- 
ordinate axes are: the Magnetic 
North in the horizontal plane, and 
the plumbline or vertical. It is plain 
that only one of the angles 6, and £, 


*Reference 7 cites much of the older lit- 
erature on related dip problems; 8 contains 
an exhaustive bibliography of the applica- 
tions of the stereographic projection to 
structural geology. 
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Fic. 3—-STEREOGRAPHIC NET. 


Good round stereonets may be ordered from 
the University of Chicago Bookstore or Columbia 


Geographical Press, Columbia University. Pho- 
tographic reproductions are usually not accurate. 
Out-of-roundness makes the nets unsatisfactory to 
work with and leads to errors. 


is needed in addition to a, since 
+ B, = 90°. 

Fig. 5B shows how a plane, A, 
with strike a, and dip 6, may be 
characterized by the direction of its 
normal /; i.e., the line perpendicular 
to the plane. Observe that the 
amount of dip £, is the same as the 
angle between / and the vertical; the 
direction of dip is a, with respect to 
N. (Again a, + a, = 90°.) 

Finally Fig. 5C shows how the di- 
rection / and therefore the plane, 4, 
perpendicular to it may be repre- 
sented by a point, P, on a sphere, 
which is the point where the normal 
l pierces the sphere of unit radius 
around the center of the chosen co- 
ordinate system. 

The point P on the sphere is de- 
termined by the angles a, and #, in 


“the same manner as the geographical 


location of a point on the earth is 
determined by its longitude and lati- 
tude. 

On the stereographic net, direc- 
tions and planes are thus represented 
by points, since the net is nothing 
but a projection of such a sphere as 
shown in Fig. 5C on an equatorial 
plane. 

The manner of projection is il- 
lustrated in Fig. 4. To obtain the 
stereographic projection of any point 
P of the sphere, this point is con- 
nected with the lowermost point L 
on the sphere. The point of intersec- 
tion of the connecting line PL with 
the horizontal plane through the cen- 
ter of the sphere is then the stereo- 
graphic projection of P. 

The stereographic net of Fig. 3 
is the result of so projecting the 
meridian and parallel circles of a 
globe after the “axis of the earth” 
has been laid horizontal. (Fig. 4). 


The two distinctive properties of 
stereographic projection are: (a) if 
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Fic. 4—-STEREOGRAPHIC 


PROJECTION. 


Showing a globe ‘'‘tipped over'’' so that the 
North and South poles are in a horizontal plane. 
Several points on two small circles (parallels) 
and two great circles (meridians) of the globe 
are projected on the horizontal plane through the 
center. The projections are the points where the 
lines connecting each point with the lowermost 
point L of the sphere intersect the horizontal 
plane. The complete projections are drawn in. 
If all the parallels and meridians of the globe 
at 2° intervals are projected this way, the stereo- 
graphic net of Fig. 3 results. Only the upper 
half of the sphere is projected. Projections of points 
on the lower hemisphere would fall outside the 
circular perimeter of the net. 


a circle on a sphere is projected, the 
projection is a circle, and (b) the 
angle between two circles on a sphere 
is conserved in the projection. 

In using the stereographic net, the 
net itself is firmly attached to the 
table. A transparent overlay is put 
on which is held by a pin stuck 
through the center of the net so that 
it rotates freely. 

To plot a point P(a,,8;): (1) trace 
the direction marked N on the over- 
lay (this is a permanent reference) ; 
(2) then count a, degrees along the 
outer circle moving clockwise from 
N; (3) mark this direction on the 
overlay; (4) move this pencil mark 
back to N by rotating the overlay; 
(5) then count £, degrees along the 
straight N-S diameter from the outer 
edge toward the center and (6) 
mark this spot with a little cross or 
circle as point P. 


APPLICATION OF THE 

STEREOGRAPHIC NET IN 

DIPMETER ANALYSIS 
PREPARATORY REMARKS 

With reference to Fig. 6, in which 
h is the direction of the axis of the 
hole and the circle is the wellbore 
perpendicular to this direction, our 
problem consists in finding the plane 
that passes through the points A, B, 
and C. 

The length of the sides of the 
equilateral triangle, 1, 2, 3 formed 
by the three electrodes is r\/3 or 
(% hole diameter) < \/3. The line 
AB makes an angle y with the hori- 
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tal, wh = arctg —= . The 
= 
zontal, where 


line AC makes an angle ¢ with the 


horizontal where ¢ = arctg Aya 

The planes through AB and d, and 
through AC and d, form an angle of 
60°. The direction of the lines AB 
and AC and therewith the position 
of the plane that contains them (the 
bedding plane) is then determined 
except for a rotation around h. This, 
however, would not change the 
amount of dip of the plane if for the 
time being we consider the hole to 
be vertical. This is the so-called un- 
corrected amount of dip. 

Now, referring to Fig. 7, if we 
make A the center of a unit sphere, 
the points B’ and C’ where AB and 
AC intersect the sphere can be easily 
found. The bedding plane then is the 
plane of the great circle passing 
through B’ and C’. 

Before we can plot the points B’ 
and C” on the stereonet, we have to 
find the proper orientation of the 
graph. This will remove the am- 
biguity of rotation around h and de- 
termine the bearing of the dip with 
respect to North. Remembering that 
we are still assuming for the pres- 
ent that the hole h is vertical, we call 
it the uncorrected direction of dip. 


Consider Figs. 6 and 8. 


In Fig. 6 the azimuth of A (or 
No. 1 electrode) with respect to N 
as seen from the center of the hole 
is shown. The azimuths of No. 2 and 
3 electrodes (or what is the same 
of points B and C) viewed from the 
center of the hole are obtained, of 
course, by adding 120° and another 
120° to the azimuth of A (clock- 
wise). 

Now, as in Fig. 7, we transfer A 
to the center of an arbitrary sphere. 


Piumbline 
Plumbline 


Fig. 8 represents the equatorial sec- 
tion of this sphere with A in the cen- 
ter. This circle corresponds to the 
circumference of our stereonet. The 
point A is then the center of the net. 


From a comparison of Figs. 6 
and 8, it is plain that the direction 
of electrodes Nos. 2 and 3 (or of B 
and C) as seen from A make an 
angle of 150° with the direction of 
A seen from the center of the hole. 


FINDING UNCORRECTED DIP 
AND STRIKE 


We are now ready to use the 
stereographic net and its transparent 
overlay to find the uncorrected or 
apparent amount and direction of 
dip. Proceed as follows: 


Mark WN direction on transpar- 
ency; lay out azimuth of A; moving 
clockwise 150° lay out azimuth of 
B; moving clockwise another 60° lay 
out azimuth of C; rotate plot so that 
azimuth of B is over straight N-S 
diameter; determine angle y = arctg 


d 

and count v° from periphery 

rV3 

towards center along this diameter; 

on this spot mark point B’; move 

azimuth of C over N-S diameter; 
a. 

count ¢° = arctg —— inwards along 
rV/3 


diameter and mark point C’; deter- 
mine the great circle passing through 
B’ and C’. This is done by rotating 
the overlay until B’ and C’ are on 
the same great circle trace of the 
stereonet. The plane of this great cir- 
cle is the bedding plane. (Fig. 10). 


We now find the representative 
point, (called the pole) P’, of this 
plane; i.e., the intersection point of 
the line perpendicular to it with the 
sphere, as follows: mark the point 
where the trace of the great circle 
through B’ and C’ just found inter- 


Piumbline 
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Fic. 5—REPRESENTATION OF DIP AND STRIKE. 


A B 
Direction | defined by 
two angles ai and fi 


spherical coordinates. normal |. 


Representation of a plane 
A by the direction of its 


Representation of the at- 
titude of a plane A by a 
point P on a sphere. 
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sects the straight W-E diameter of 
the net; from this point count 90° 
along the diameter over the center; 
at this spot mark P’. The point P’ 


North 


azimuth of A 


FIG. 6—GEOMETRY OF THE SYSTEM 


WITH RESPECT TO BOREHOLE. 


Showing points A, B and C situated on the 
periphery of the hole, where the electrodes 1, 
2 and 3 pass the boundary of a bed. The ellipse 
is an oblique view of the cross section of the 
borehole (plane of the electrodes), perpendicular 
to h (direction of the axis of the hole); hole 
radius r. The triangle, 1, 2, 3 is equilateral; 
length of sides rv¥3. From the geometry of the 
figure, it is seen that the tangent of the angle 
Ww which the line AB makes with the plane of 
the electrodes is 


tgy = 

rv¥3 

Likewise tgd = 
rv3 


In addition the azimuth of A (here number 1 
electrode) as seen from the center of the hole, 
O, is shown. The line OA bisects the angle of 
60° under which the other two electrodes are 
seen from A. The lines 1,2 and 1,3 therefore in- 
clude 150° angles with OA, on either side. 
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Fic. 7— BEDDING PLANE REPRE- 
SENTED AS GREAT CIRCLE ON SPHERE 
or BY ITs POLE P. 


Point A of Fig. 6 has been made the center 
of a sphere. The bedding plane, containing A, B 
and C is then the plane of the great circle through 
B’ and C’. The point P where the normal to this 
great circle intersects the sphere is—representative 
of the bedding plane and is called the pole of 
this plane. 


North 


azimuth of A 


Fic. 8—ORIENTATION OF THE PLOT 


ON THE STEREOGRAPHIC NET. 

Point A of ‘Fig. 6 has been transferred to the 
center of a circle (as in Fig. 7). 

The azimuth of A with respect to N, as re- 
corded (viewed from the center of the hole) is 
first laid out. At 150° and 210° respectively in 
a clockwise direction, we then find the azimuths 
of B and C (here 2nd and 3rd electrode) as 
seen from A. 
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is the pole of the “uncorrected” bed- 
ding plane. Connecting P’ with the 
center point, O, we find the uncor- 
rected dip direction or azimuth of 
dip by reading the angle between N 
and the radius through P’ (see Fig. 
9). The uncorrected angle of dip 
is read by rotating the overlay so 
that the radius through P’ is over 
the straight N-S or E-W diameter of 
the net (Fig. 10) and counting along 
it the number of degrees between the 
center, O, and P’. 


CORRECTION FOR HOLE DEVIATION 
TRUE DIP AND STRIKE 


So far the axis of the hole, h, was 
supposed to be vertical and was rep- 
resented by the point H’ at O (see 
Fig. 12). The true axis of the (slant- 
ing) hole, however, might make an 
angle a with the vertical, in a plane 
at azimuth @ as shown in Fig. 11. — 


The representative point of the 
true direction of the deviated hole 


uncorrecte 
dip direction / 
if 


Fic. 9—APPARENT DIRECTION OF 
DIP. 


Point P’ represents the position of the bedding 
plane before correction for hole deviation. The un- 
corrected direction of dip is read as the angle be- 
tween N and OP’. 


uncorrected 


angle of dip 


Fic. 10—-UNCORRECTED ANGLE OF 
Dip. 


(Dashed portion of figure represents the net as 
seen through the transparent overlay.) 

The uncorrected angle of dip is read on one 
of the straight diameters of the net counting 
from the center O outward to P’. 


would be at H” on our plot (Fig. 
12). The azimuth ¢ of A” is 180° 
+ the reported azimuth of the hole 
drift, as may be seen from Figs. 11 
andel2 


In practice it is more convenient 
to plot the point H, representative of 
the direction which makes the same 
angle with the vertical as does the 
hole, A, and whose azimuth with re- 
spect to N equals just 0 (the re- 
ported azimuth of drift) instead of 
€ = 180° + 6. 

Here it is recalled that the hole 
deviation on the continuous dipmeter 
log is recorded by two curves: 
usually the N-S and E-W compon- 
ents of drift. With reference to Fig. 
13, we find the resultant drift, i.e., 
the direction h, when the components 
in the vertical N-S and E-W planes 
are given, as the intersection of the 
two planes R and T containing the 
components in the above-named or- 
der and parallel to the E-W and N-S 
directions, respectively. On the 
sphere these planes trace the great 
circles through the points n and e 
representing the components. To 
plot the point # on the transparency 
(see Fig. 14): orient the overlay so 
that its N mark is over the N mark 
of the net; along the E-W axis count 
from the center the number of de- 
grees of the E or W component as 
the case may be and mark the point 
e; trace the great circle passing 
through e; along the N-S axis count 
the number of degrees of the com- 
ponent in the N or S direction and 
mark the point n; trace the great cir- 
cle through n after swinging the 
overlay around 90°; at the intersec- 
tion of these two great circles, mark 
the point H. 


Now in order to find that point 


O\(=H') 
H 
i N 
SW 
~ 
& 
180 = 


vertical 


Fic. 11—BoREHOLE DEVIATION. 
Azimuth 6 and angle a@ of hole deviation. The 
axis of the hole is h. 
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P which is representative of the cor- 
rected or true position of the bed- 
ding plane, we have to let the axis of 
the hole, h, which formerly was 
supposed vertical and was _ repre- 
sent by H’ at O, move into its true 
position. In other words, we will ro- 
tate the sphere in such a manner as 
to bring H’ to coincide with H” Re- 
membering that the direction repre- 
sented by P’ is rigidly fixed with re- 
spect to A, this rotation will make 
the point P’ move to its true posi- 
tion P. 

Stereographically the procedure 
consists of the following: 

Rotate the plot of Fig. 12 on the 
overlay until H” (and therefore #7) 
is over the straight E-W diameter 
of the stereonet, as shown in Fig. 15. 
(The point P’ will have moved, 
of course, correspondingly along an 
arc equal to the angle of rotation y 
necessary to bring HH” to coincide 
with the E-W axis.) 


Referring further to Fig. 15, 
imagine H’ to move to H”, or what 
is the same, let H go to H’ at O. 
In reality this means that the axis of 
the hole is rotated from vertical to 
the proper angle of inclination. If 
the axis of the hole h rotates around 
the N-S axis of the net over an arc 
a of the great circle of a sphere rep- 
resented by the E-W diameter of the 
net, then the point P’ is swung over 
an equal arc along a parallel small 
circle into its new position P. 

Since P is representative of the 
true bedding plane, it is now an easy 
matter to read the true azimuth and 
amount of dip. (See Figs. 16A and 
16B) 


HIGH ANGLE DRIFT 
CORRECTION OF AZIMUTH 


The recorded azimuths of the 


AS 

\\\ 


N=180° +8 
Fic. 12—First STEP TO MAKE Cor- 
RECTION FOR HOLE DEVIATION. 


The direction of the slanting hole (see Fig. 
11) is represented by point H’’ on the net. For 
working convenience, it is preferred to use the 
point H which is symmetrical with H’’ about O. 
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borehole or of the No. 1 electrode 
are actually the angles read in the 
plane, E, perpendicular to the hole, 
h, (i.e. the plane of the three elec- 
trodes) clockwise from a reference 
Np, which is the projection of the 
true N direction (horizontal) onto 
that plane, as shown in Fig. 17. 

When the plane E is turned into a 
horizontal position (as is done when 
we imagine the hole to be vertical), 
our reference North mark, Np, will 
not in general coincide with true 
North N. The recorded azimuths 
which we worked with are, therefore, 
pseudo-azimuths, owing to the fact 
that a projected North or pseudo 
North, Np, was used as a reference. 

This pseudo azimuth is slightly 
greater than the true azimuth for 
acute angles; it is somewhat less than 
the true value for obtuse angles. The 
discrepancy disappears and true 
azimuth is read when the orientation 
of the vertical plane through the 
hole, A, is in the magnetic meridian 
(i.e. the vertical N-S plane) or at 
right angles to it. Maximum discrep- 
ancy results at 45° orientation of the 
vertical plane through h with respect 
to the magnetic meridian. At small 
and moderate angles of inclination of 
the hole, the error in the pseudo 
azimuth is negligible. 

In very slant holes a correction 
may be necessary to account for the 
change from pseudo North to true 
North. The correction is readily 
made on the stereographic net. 

As may be seen from Fig. 17, the 
operations required to go from a 
given pseudo North, Np, to true 
North, N, are as follows: 


h 
fe 
/ XT 
& 
| 
‘> 
; 
af 
| 
N 

\ / 
\ 


Fic. 13—COMPONENTS OF HOLE 
DRIFT. 


Projection of the direction h on the mutually per- 
pendicular, vertical N-S and E-W planes. The N-S 
and E-W components of the hole deviation are given 
by the angles v and ym respectively. 


Let the inclined hole be repre- 
sented by H” as explained above. 
Turn Np out of the horizontal plane 
along a small circle parallel to the 
vertical plane through the hole over 
an arc, i, equal to the inclination of 
the hole (in the direction of H”). 
The new point will be designatea 
Np’. The great circle through H” 
and Np’ will then cut the horizontal 
base circle at point N representing 
true North. 

In Fig. 18, these steps have been 
performed on the stereonet for the 
case of a hole deviated S0° from 
vertical at pseudo azimuth N 302° 
E (H” is at pseudo azimuth N 


TWISTING SONDE 


As the dipmeter sonde is pulled 
up the hole, it will generally rotate 
slowly, back and forth around its 


Fic. 14-—PLoTTING DEvia- 


TION ON STEREONET. 


The direction of the deviated hole h (represented 
by point H) is determined from given N-S and E-W 
components (represented by points n and e). 


ie N (on net) 


° 
+ 
COS) 
x 


Ground this axis 


) — rotation of sphere 
] 
's 


Fic. 15—(Fic. 12 RoTaTEp). Cor- 

RECTION FOR HOLE DEVIATION CaR- 

RIED OUT ON THE STEREOGRAPHIC 
NET. 

Point P’ moves to its corrected position at P along 


a small circle over an arc, a@ equal to the number 
of degrees between H and O. 


PETROLEUM TRANSACTIONS, AIME 


| \ 
| \ 
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Fic. 16A—READING THE Cor- 

RECTED AZIMUTH = ANGLE BE- 

TWEEN N AND OP (CLOCK- 
WISE). 


compass 
needle 


17—TrRvuE NortH (N) AND 
PsEUDO-NorTH (Np). 


A slight shift of direction occurs when a compass 
needle, which is free to move in a horizontal plane 
(direction N), is projected onto an inclined plane 
(projected direction N’p) and this plane, E, is then 
turned into a horizontal position (resultant direction 


Np). 


FIc. 


Inclination of hole 50° from vertical 
Pseudo ozimuth of hole N 302°E 


Truo azimuth of hole N 315°E 


50° from 
edgo along 
small circle 
porallel toh 


Fic. 18—-MovEMENTS INVOLVED IN 
CARRYING OUT THE CORRECTION 
FROM PsEUDO-NorTH (Np) TO TRUE 
NorRTH (TRUE N) ON THE STEREO- 


. GRAPHIC NET FOR THE CASE OF A 


Hoe INCLINED 50° FROM VERTICAL 
AT AZIMUTH N 315° E. 


axis so that its forward motion re- 
sembles that of a (left- or right- 
handed) screw. 

Sometimes, however, the sonde 
may spin so fast that the azimuth 
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ozimuth 


true angle 
of dip 


Fic. 16B—READING THE Cor- 
RECTED ANGLE OF Dip = Num- 
BER OF DEGREES BETWEEN O 
AND P ON STRAIGHT DIAMETER. 


of electrode No. 1 at level A where 
it passed the boundary of a bed and 
the azimuth of No. 1 at level B 
when electrode No. 2 passes the bed- 
ding plane are no longer the same 
(see Fig. 19). This seems to occur 
most frequently in the bottom 100 
ft or so of the well when the sonde 
is first pulled up. In a case like this, 
it is probably better not to try to 
compute any dips at all over the in- 
terval concerned. 


If need be, however, the present 
method of dip calculation, slightly 
modified, can be made to apply to 
the problem of a twisting sonde with- 
out undue complication. 

Referring to Fig. 20A, let the 
azimuth of No. 1 electrode at the 
level of A be a, at the level of B, 
a,; and at the level of C, a;. Note 
that in the case shown by this fig- 
ure a, < a, < a, whereas in Fig. 19 
we have a, < a <a. The relative 
magnitude of a,, a, and a; is imma- 
terial, in principle, for the discus- 
sion. The consecutive orientations of 
the second and third electrode at the 
levels of A, B and C are denoted 
bi Ds, and Gar Tespectively. 
Seen from the center of the hole, the 
azimuths, in which we are interested, 
of the points A, B and C are, clearly, 
in the same order a,, b, and c; (Fig. 
20A). 

Let the difference between a, and 
a, be called a,; thus a; = a@— 4 
(the angle of twist of the sonde be- 
tween the levels of A and B), clock- 
wise rotation being counted positive. 
Likewise a, =a, —a, From the 
geometry of Fig. 20A, it is then 
apparent that: the angle 6 betwecn 
direction a, and the line a, — b., as 
indicated by the arrow, is B = % 
a,; the angle y = % (180° — 120° 


30° 12:0, scounting 
angles only clockwise from a given 
direction a,: 6 = 150° + % a, and 
e=210°+Y%a. 

After transferring A to the center 
of a stereographic net as in Fig. 19 
(in analogy to Fig. 8), the azimuth _ 
of the point B as seen from A 
is laid out at §=150°+% a, 
from the direction a, and the 
azimuth of point C at « = 210° 
+ Y% a, from the direction a,. Alter- 
natively, the construction of Fig. 20A 
may be performed on the net and 
the directions AB and AC drawn in 
parallel to a,b. and a,c,, respectively, 
as shown by the dashed lines. 

The triangle a, b., c, in Fig. 20A, 
unlike the triangle 1, 2, 3 in Fig. 8, 
is no longer equilateral. The length 
of the side a,b, is now given by 
a, b, — 2 r cos B, the length of the 
side. is: "ave; reos WAS 
stated above, the angles 6 and y are: 
fh = 30% — Ya; y = 30° + 
If the construction of Fig. 20A is 
used, the angles @ and y may be 
read at the periphery of the net. The 
tangents of the angles % and ¢ under 
which the displacements d, and d, 


are seen from A, now become 
= 
2rcos B 


1 


(hole diameter) X cos 6 
tgo¢ = : 


1 


(hole diameter) cos y 


_Knowing the directions of points B 


and C viewed from A and the angles 
wy and ¢, plot the points B’ and C’ 
(see Fig. 20B) and proceed as out- 
lined previously to find the dip 
and strike of the bedding plane con- 
taining A, B and C. 


INSTRUCTIONS FOR DIPMETER 
CALCULATION 


OBTAINING DATA FROM 
THE DIPMETER LOG 

All log curves must be properly 
labeled and provided with clearly 
marked scales by the operator run- 
ning the log. Although techniques of 
instrumentation and recording differ 
among service companies, the same 
basic data must be furnished by all 
of them. Properly calibrated trans- 
parent scales for reading the various 
curves can be obtained from the 
logging companies. Before calcula- 
tion can start, the following items 
must be read from the log. 


DISPLACEMENTS 
Three log-curves, which reflect 
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Fic. 19—-SPINNING SONDE. 
The position of the electrodes 1, 2 and 3 in 


the hole is shown at the levels A, B and C 
where each passes the bedding plane. The cork- 
screw movement of any one of the electrodes is 
depicted by the spiral lines. 


subsurface stratification, must first 
be correlated. They can be resistiv- 
ity, SP or caliper curves. Conceiv- 
ably, other recordings may be used. 
The matching is done by picking 
three corresponding deflections of 
the curves, either “peaks” or “val- 
leys.” The sharper the peaks or val- 
leys the easier it is to obtain a good 
correlation. In reference to Fig. 2, 
a good correlation occurs at a depth 
of about 1,006 ft. Another correla- 
tion is at 1,002 ft. 

Displacements are first measured 
with respect to the No. 1 electrode 
(or caliper arm). In the example of 
Fig. 2, the No. 2 curve is displaced 
7.0 in. upward (displacement +7.0) 
from No. 1 and No. 3 is 1.5 in. be- 
low No. 1 (displacement —1.5). 
(See Table 1.) 


BOREHOLE SIZE 


The bore diameter is read imme- 
diately from a caliper trace (section 
gauge). On Halliburton logs it is the 
quantity logged by the three primary 
curves. In Fig. 2 the caliper curve 
is in the extreme right-hand track. 
At 1,006 ft the hole diameter is 9 
ft in our example. 


ORIENTATION OF THE ELECTRODES 


The orientation of the No. 1 elec- 
trode is recorded on the log. The 
orientation of the No. 2 electrode 
can be found by adding 120° and 
the orientation of No. 3 can be 
found by adding 240° to the value 
found for No. 1. Referring again to 
Fig. 2 (solid line, left-hand track), 
it is found that the orientation of the 
No. 1 electrode at 1,006 ft is N 284° 
E (since every division represents 
36° and N is extreme left). 
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BOREHOLE DRIFT 


The drift is given in two com- 
ponents* and is shown on the log 
by two curves (Fig. 2, left-hand 
track). In our example the drift 
components are N 3.2° and E 2.7°, 
the scale divisions being 2° each 
with zero in the middle of the track. 


ARRANGEMENT OF DATA 


The data thus read from the log 
are conveniently listed in tabular 
form. Before using the stereographic 
net, a little reshuffling is necessary. 
The first step in doing this is to des- 
ignate the correlation points by 4, 
B and C in cyclic order. This is done 
by calling the lowest correlated point 
A and proceeding in a clockwise di- 
rection calling the point correspond- 
ing to the next electrode B and the 
last one C. After naming the corre- 
lation points, their -displacements 
with respect to A are calculated. 
When this is done, all displacements 
will be upward or positive. (See 
Table 1 below.) 

Hereupon two angles must be 
found. These angles ¥ and ¢, re- 
spectively, are the angles whose tan- 
gents are (1) the displacement from 
A to B (1.5 in.) divided by the 
straight line distance between adja- 


*On Schlumberger dipmeter logs when the 
drift is resolved into its N-S and E-W 
components, the designation ‘‘Resolvers in’’ 
is marked. The opposite designation ‘‘Re- 
solvers out’”’ means that one drift component 
is given in the plane of electrode No. 1 
and the axis of the hole and the other, in 
the plane through the axis perpendicular to 
the first plane. 


cent (Fig. 6) electrodes or caliper 
points and (2) the displacement 
from A to C (8.5 in.) divided by the 
distance between adjacent electrodes. 
The distance between adjacent elec- 
trodes is found to be equal to the 
radius of the hole times the square 
root of 3. From Fig. 2 the hole 
diameter was seen to be close to 9 
in. Thus for a 9-in. hole diameter, 
the distance between electrodes 
would be 4.5 x \/3 or 7.8 in. 

With these angles calculated, the 
tabulated data in final form should 
appear as in Table 1. From this we 
proceed to find the dip and direction 
of dip by means of the stereographic 
net. 


STEP BY STEP PROCEDURE FOR 
DETERMINING Dip AND DIRECTION 
oF Die USING STEREOGRAPHIC NET 


1. Cover the stereographic net 
with a sheet of tracing paper. Push 
a pin through the tracing paper and 
through the center of the net. 


2. Mark on the tracing paper the 
north (N 0° E) or zero degree line. 
Designate this point N. 

3. Mark on the tracing paper the 
orientation of point A. The orienta- 
tion of A in the example is N 
164° E. 

4. Swing the tracing paper so that 
point A coincides with the north line 
on the stereographic net. On the 
outer edge of the net at the N 150°E 
point, mark off the direction of point 
B on the tracing paper. On the 


TABLE 1 
Depth — 1,006 ft Borehole 

Electrode Number 1 2 3 

Displacement (inches) (0) +7.0 5 3.2°N) 
Orientation 284° AAW 164° 
Correlated Points B Cc A 

Displacement +1.5 +8.5 0 hole dia. = 9” 
Angles = 10.9° = 48.6° r¥3 = 7.8 


bo 
Fic. 20—ORIENTATION OF ELECTRODES IN CASE OF TWISTING SONDE. 


Directions of the three electrodes 1, 2 and 
3 as seen from the center of the hole (a1, b2 
and cs respectively) at the levels where they 
pass the bedding plane, in the case of a twist- 


ing sonde. 
30 — Yai 
30 + Yaz 


The azimuths of B and C, as viewed from 
A, follow from the geometrical relationships 
between the angles shown in Fig. 20A 


PETROLEUM TRANSACTIONS, AIME 
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outer edge of the net at the N 210° 
E point, mark off the direction of 
point C on the tracing paper. (The 
direction of B and C are always 
marked off at N 150° E and N 210° 
E when point A is N 0° E. except 
in case of spinning sonde. (See sec- 
tion of Twisting Sonde). 

5. Swing the tracing paper so that 
point B falls on the west limb (N 
270° E) of the net. On the west 
limb, counting from the outside 
edge of the net toward the center, 
lay off on the tracing paper, the an- 
gle previously calculated (10.9°). 
Each division on the net is two de- 
grees. Here mark the point B’. 

6. Next, swing the tracing paper 
so that point C is on the west limb. 
In the same manner as in Step 5, lay 
off the angle ¢ on the tracing paper 
(48.6°). Mark this point C’. 

7. Swing the tracing paper in such 
a manner that the two points B’ and 
C” are aligned on the same N-S great 
circle on the W half of the net. When 
this is accomplished, mark on the 
tracing paper with a small arrow the 
position of the east limb of the net. 
With the paper still in this position, 
count the number of degrees from 
the west point of the net inwards 
to-the N-S great circle on which the 
points B’ and C” are aligned. This 
value will be the apparent dip of the 
formation uncorrected for borehole 
drift. The small arrow on the east 
limb of the net represents the appar- 
ent direction of dip. 

_8. With the tracing paper in the 
same position, the apparent dip, as 
found in Step 7, is plotted on the 
east limb of the net. This time, how- 
ever, the dip is counted from the 
center of the net toward the outside. 
Mark this point P’. 

9. Next, the correction for bore- 
hole drift is made. Swing the tracing 
paper so that point N (Step 2) coin- 
cides with the north point (N 0° E) 
on the net. 

10. With the paper in this posi- 
tion, plot the N-S drift component on 
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the north or south limb of the net 
and the E-W drift component on the 
east or west limb of the net, depend- 
ing upon which direction the bore- 
hole is inclined. 

11. Trace the N-S great circle 
which passes through the east or 
west drift component. 


12. Swing the point representing 
the north or south drift component 
until it is on the east or west limb 
of the net. When the point is on the 
east or west limb of the net, trace 
the N-S great circle which passes 
through this point. 


13. Mark the intersection of the 
great circle traced in Step 11 with 
the great circle traced in Step 12. 
Call this intersection point, H. 

14. Swing point H to the west 
limb of the net. From the center of 
the net, Count outward the number 


of degrees point H is displaced to the 


left of the center point of the net. 


15. With the paper still in the 
same position, move point P’ (see 
Step 8) the same number of degrees 
as found in Step 14, along the 
E-W small circle on which point P’ 
is located, in a west to east direction. 
Call this resultant point P. 


16. Move point P to the east limb 
of the net. Mark on the tracing paper 
the position of the east limb with an 
atrow. This arrow marks the true di- 
rection of the dip. 


17. Counting from the center of 


the net outward, the magnitude of 
the corrected dip can be read where 


--point P coincides with the net’s east 


limb. The dip of the example in Fig. 
2 (Table 1) is found to be 55°. 


18. Moving point N (Step 2) on 
the paper to the N 0° E point of the 
net, the true direction of the dip, 
marked by the arrow in Step 16, can 
be read where the arrow coincides 
with the stereographic net.* For the 


*For very high angles of hole deviation 
from vertical, the azimuth correction de- 
scribed in section on High Angle Drift may 
have to be applied. 


example in Fig. 2, the direction is 
found to be N 214° E. 

19. Account for the magnetic 
declination to find the true direction 
of dip with respect to geographical 
North. The magnetic declination is 
usually given on the heading of the | 
dipmeter record (additive if easterly, 
subtractive if westerly). 
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ABSTRACT 


It is an accepted procedure to represent oil field dis- 
placement problems in which the pressure is relatively 
constant by a potentiometric model. Variations in res- 
ervoir permeability thickness product are represented 
in the model by proportional variations in electrolyte 
depth. 

It is shown that significant errors are present wherever 
these variations are of such magnitude that the conse- 
quent differences in the electrolyte depth in the model 
or any regions therein are appreciable in comparison 
with their respective horizontal dimensions. 

To demonstrate the order of magnitude of this er- 
ror, a hypothetical linear oil field in which permeability 
varies linearly with distance was treated both analytic- 
ally and by potentiometric model. The results obtained 
from the model are compared with the exact solution 
for various configurations of linear geometry. Devia- 
tions in flow times up to 11 per cent were observed. 
It is confirmed that these discrepancies can be reduced 
by increasing the areal scale and/or decreasing the ver- 
tical scale of the model. 

It is the purpose of this work to assist in the design 
of potentiometric models by indicating the relationship 
between this error and the chosen scale factors. 


INTRODUCTION 


The fundamental geometrical criterion which deter- 
mines whether the pressure distribution in an oil or 
gas reservoir may be simulated in a conventional poten- 
tiometric model is the requirement that all reservoir 
parameters be constant along any vertical line between 


Revised manuscript received in Petroleum Branch office on June 
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its upper and lower boundaries. This situation never 
obtains exactly; nevertheless, it is usually assumed that 
there is no permeability stratification within the section 
of interest, that all wells completely penetrate the sand, 
that there are no gravitational effects, and that varia- 
tions in thickness of the sand are small compared to 
the horizontal extent of the field. In these ways the 
reservoir problem is reduced to two dimensions in which 
there is no variation of pressure in the vertical direc- 
tion within the limits of the sand. 


Variations in sand thickness and/or horizontal per- 
meability may be taken into account as described by 
Muskat’, by considering the fluid conductivity of the 
reservoir in its horizontal plane to be proportional to 
the product of permeability and sand thickness. If the 
variations in sand thickness are small compared to the 
horizontal dimensions of the reservoir, then it is a good 
approximation to consider the reservoir problem to be 
essentially two dimensional. 


The same approximation, however, is made in the 
simulation of the assumed two-dimensional reservoir 
by the electrolytic model. The model, if it is to take 
into account variations of permeability-thickness prod- 
uct, must of necessity be made in three dimensions, 
that is, with variable depth. 


Most potentiometric model studies and theoretical 
treatments reported in the literature to date***>*"* are 
those in which either an average permeability was used 
or a constant permeability was assumed. This is under- 
standable since detailed permeability data are not 
usually available for the majority of reservoirs. Many 
investigators have recognized that the failure to in- 
corporate permeability variations within a reservoir in 
model studies leads to serious error in predictions made 


‘References given at end of paper. 
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therefrom. This has led to various suggestions for 
methods of including these permeability variations with- 
in the model."*** Tt is the purpose of this paper 
both to demonstrate that even greater error may re- 
sult if the limitations on model scales are not recog- 
nized in the case of simulating large, sporadic, non- 
stratified permeability variations in models, and to as- 
sist the model designer in deciding upon appropriate 
model scales. This goal is pursued by presenting quan- 
titative measurements of the errors resulting from the 
representation of a simple two-dimensional prototype 
with variable fluid conductivity by a conventional elec- 
trolytic model with proportionally varying depth. 


STATEMENT OF THEORY AND DERIVATION 


Consider a porous medium between two parallel 


isopotential planes and assume that the permeability 
of the porous medium varies linearly with the distance 
between the two isopotentials. Let the permeability at 
the planes X = O be K,, at X = L be Ky, and at X¥ = 
X be K,x) where X lies between O and L. 

If only horizontal, linear, and single-phase liquid 
flow exists then by Darcy’s Law: 


Op, a 

) 
where 6 is the width and h the depth of the medium, 
also 


xX xX 
and substituting Eq. 2 in Eq. 1 and simplifying gives 
Ou 
x 
Integrating Eq. 3 and normalizing will give: ~ 
X AK 
inl + 
K 
in( 


(4) 


As a result of the analogy between electrical models 
and fluid flow systems an equation similar to Eq. 4 can 
be written to describe the voltage distribution in a 
truly analogous electrolytic model of the prototype 
described above. 

Substituting V for P and h, for K in Eq. 4, where 
V is the voltage and h, is the depth of the electrolytic 
fluid, the following equation results: 


xX AA. 
1 
Vin —V. n( 


A 
In 


Eq. 5 allows the theoretical calculation of the relative 
voltage at any point (X) between the two isopotentials 
in a true model of the above described prototype. The 
- actual model, constructed with h.,x) proportional to 
Kx) assumed for the prototype gave the experimental 
results presented below. The difference between the 
theoretical and experimental results is one measure of 
the error resulting from excessive variation of elec- 
trolyte depth in a potentiometric model. A second way 
in which similarity of the model to the prototype may 
be evaluated is by comparison of fluid travel times 
calculated in the two cases. This latter method of pres- 
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entation, the equations of which are derived in the 
Appendix, has been adopted in Fig. 5. 


EQUIPMENT AND EXPERIMENTAL 
PROCEDURE 


During normal operation of the potentiometric 
analyzer, the four-electrode type probe is usually sub- 
merged a maximum of % in. in the electrolyte solution. 
At this depth in the electrolyte solution the isopotential 
lines can be considered to be perpendicular to the elec- 
trolyte surface regardless of the configuration of the 
bottom of the model. Consequently, if the vertical plane 
containing two wells were projected onto a horizontal 
plane and if a single probe were used to measure the 
potential along a line 4% in. from the edge representing 
the liquid surface, then a potential distribution similar 
to that encountered in the vertical plane should re- 
sult. The effect on potential distribution and fluid in- 
terface travel time of three variables (the distance be- 
tween well electrodes, the length of the electrodes and 
the amount of submergence of the electrodes) was 
studied in this manner. Three angles (of nominal values 
30°, 45°, and 60°) and various electrode depth ratios 
were investigated.* 


EQUIPMENT 


The major pieces of equipment used are shown in 
Figs. 1 and 2. Two shallow trays made of plexiglas 
II sheet were used. These trays represented vertical 
slices of the models described in the previous para- 
graph. The configuration of the bottom of one tray 
was a 30° to 60° right triangle with the two sides 
adjacent to the right angle being 15.6 in. and 27.0 in. 
and the other was a 45° right triangle with the sides 
21 in. in length. These adjacent sides were made of 


*Angle: The angle is defined as that angle which is formed by a 
horizontal plane and the sloping bottom of the model. 

Depth ratio: Is the ratio of the electrode lengths which are sub- 
merged in electrolyte solution. 


NULL 
DETECTOR 
PROBING 
POINTS 45¢ 
: MODEL 
AUDIO 
OSCILLATOR 10 


Fic. 1—ScHEMATIC DIAGRAM OF APPARATUS. 


Fic. 2—PHOTOGRAPH OF APPARATUS. 
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34-in. plexiglas sheet with the lower 1.5 in. milled to 
14-in. thickness, thus giving a %4-in. wide overhang in- 
side the tray. A row of holes, 0.03 in. in diameter and 
spaced 0.25 + 0.001 in. apart were drilled in the cen- 
ter of the overhangs for their entire length beginning 
at one of the electrodes. The electrodes were made from 
Yx2'%4-in. copper plate and a brass bar attached to 
the top of each electrode was used for rigid installation 
of the electrode to the tray. 


EXPERIMENTAL PROCEDURE 


The general procedure employed was the same for 
both trays. This discussion will be limited to the 45° 
right triangle tray hereafter referred to as the tray. 

The tray was placed on a flat surface and leveled 
with a hand level. To insure a perfectly level non- 
conducting surface, carbon tetrachloride was then 
poured into the tray until it formed a layer about 
%-in. thick. An electrolyte solution consisting of 3 gal 
of 5,000 ppm copper sulfate solution, 3 cc of concen- 
trated sulfuric acid, and 3 drops of Pluronic L64 (a 
surface active agent) was poured into the tray on top 
of the carbon tetrachloride layer until the electrolyte 
depth reached *%4 in. The circuit was connected as 
shown in Fig. 1. 

To begin a run a tungsten probe was placed in the 
hole 12 in. from the 1-in. electrode. A cork stopper on 
the probe, acting as a positive stop, maintained a con- 
stant probing depth. Potential readings were made in 
%-in. increments for the entire distance between elec- 
trodes. The data thus obtained were used in determin- 
ing the error in the time of fluid interface advance. 


DISCUSSION 


It has been the accepted practice in steady-state 
models that if an areal geometrical similarity exists 
between the prototype in question and its electrolytic 
model analog, and if both have the same source and 
sink distribution corresponding to the injection and 
producing wells, then the prototype and the electrolytic 
model will have identical potential distribution pro- 
vided the equivalent electrical conductivity o is made 
everywhere proportional to Kh. This equivalent elec- 
trical conductivity is equal to o,f, where o, is the 
specific conductivity of the electrolyte, and h, is the 
depth of the layer of electrolyte. 

The purpose of this discussion is to point out that 
a formal equivalence between the model analog and 
the prototype potential distribution would exist only in 
the case where the differences in Ah, within a single 
electrolytic model are vanishingly small. But whenever 
the variations in fA, are finite the potential distribution 
of the electrolytic model and that of the prototype will 
not be exactly identical. 

The distortion of the potential lines in an elec- 
trolytic model was found to be the result of the varia- 
tion of two components; the depth ratio and the angle. 


Eq. 5 indicates that a plot of — against 
In + ) 
— °/ on regular coordinate paper would 
An. 
Inf 1+ 
( (he) o 


be a straight line passing through the origin with unit 
slope if the model were a true representation of 
the prototype. Fig. 3, a plot of these variables as cal- 
culated from the experimental data taken for a par- 
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ticular depth ratio and angle shows the deviation, under 
these experimental conditions, from the ideal straight 
line. 

This deviation from the straight line is caused by 
dissimilarity between the voltage distribution of the 
prototype and that of its electrolytic model analog. 
This dissimilarity is more apparent in Fig. 4 which 
shows the theoretical voltage distribution of the proto- 
type as calculated by Eq. 5, and the measured voltage 
distribution of the model for the same angle and depth 
ratio. 

Potentiometric models provide an excellent means 
for giving directly a graphic representation of the 
steady-state history of advance of an injection-fluid 
front. This tracing of the steady-state history of ad- 
vance of an injection-fluid front could be considered 
as equivalent to determining the history of a line of 
fluid particles in a potential field. 
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It has been shown experimentally that where varia- 
tions in electrolyte layer thickness within a potentio- 
metric model exist, the potential distribution obtained 
from the model is not identical with the potential dis- 
tribution of the prototype in question. This means that 
the history of the advance of an injection-fluid predicted 
by the model would not be exactly similar to that of 
the prototype, with the consequence that the sweep 
efficiency obtained from the model may not be a true 
representation of the sweep efficiency in the prototype. 

The time of travel of a fluid particle along a stream 
line in a potentiometric model where the variations in 
porosity and fluid density are neglected is proportional to 


K8V 
is the potential drop measured along the streamline 
over a fixed electrode separation. This time is converted 
into prototype time by reservoir engineering calcula- 
tions. Where a dissimilarity in potential distribution 


exists between the prototype in question and its poten- 
tiometric model analog, the time of the fluid Sone 


where K is an average permeability, and 6V 


advance in the prototype calculated by using ple Kav 


obtained from the model would be in error. 


and con- 


Fig. 5 gives the per cent error in S=, 


sequently in time resulting from the dissimilarity in 
the potential distribution between several prototypes 
and their electrolytic model analog. The times for the 
prototype were calculated by means of Eq. 8 (Appen- 
dix), while the experimental data were used to cal- 
culate times for the analogs. Ai 

Fig. 5 indicates that for a constant angle the per 
cent error in time* increases with the depth ratio up 
to a certain depth ratio after which it remains constant. 
Table 1 shows that the prototype flow time is always 
higher than the model flow time regardless of the di- 
rection of flow. 

The usefulness of Fig. 5 and Table 1 is that they 
assist in the design of potentiometric models by indi- 


cating the relationship between the per cent error in_ 
flow times and the chosen scale factors for a linear 


system. In addition, they could be used to estimate the 
per cent error in flow times in any subregion of the 
model where flow could be considered linear. 


= 1 
TABLE 1 — PROTOTYPE AND MODEL = ‘ 
K 


Prototype Model 
Per Cent Error 
KOV In Time 


Direction of = 
Flow Depth ratio Angle KSV 


Shallow-deep 3.04 29° 8.062 7.928 
Shallow-deep 6.12 29° 8.182 7.948 
Shallow-deep 10.25 29° 54’ 18.851 18.266 Sal 
Shallow-deep 15.38 34.438 33.326 
Shallow-deep 3.00 45 3.515 3.438 Bon 
Deep-shallow 4.80 45 7.451 7.131 4.3 
Shallow-deep 6.00 45 3.584 3.389 5.4 
Shallow-deep 10.00 45 8.289 7.772 6.2 
Shallow-deep 15.00 45 15.165 14.184 6.5 
Shallow-deep 20.00 45 22.768 DN 226 6.8 
Shallow-deep 5.88 60° 06’ 4.657 4.392 
‘Shallow-deep 9.73 60° 06’ 2.706 2.470 8.7 
Shallow-deep 14.50 60° 06’ 4.969 4,455 10.3 
Shallow-deep 19.30 60° 06’ 7.472 6.653 11.0 


*The fixed distance over which 6 V was measured is 0.25 in. For all 
the other runs the fixed distance is 0.5 in. 
“Per Cent Error in Time: Is defined as equal to 


=| x 100 
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CONC 


The pertinent conclusions relative to this study fol- 
low: 

1. Formal equivalence between a prototype and its 
electrolytic model analog potential distribution does 
not exist whenever variations of the reservoir per- 
meability-thickness product are of such magnitude that 
the consequent differences in the electrolyte depths in 
a model or any regions therein are appreciable im com- 
parison with their respective horizontal dimensions. 

2. The dissimilarity in the potential distribution in- 
troduces error in calculated flow times. For a constant 
angle, the discrepancy increases with depth ratio, up 
to a certain depth ratio after which the value of the 
error remains constant. 

3. The error in flow times is positive and additive, 

e., the prototype flow time is always longer than the 
model flow time, regardless of the direction of flow. 

4. The dissimilarity in potential distribution may 
cause the history of the advance of an injection-fluid 
front predicted by the model to be in error. This may 
result in an erroneous value of sweep efficiency. 

5. These errors can be reduced by increasing the 
areal scale and/or decreasing the vertical scale of the 
model. 


APPENDIX 


DERIVATION OF == FOR THE PROTOTYPE 


In a potentiometric model study where porosity, 
fluid density, microscopic flooding efficiency and vis- 
cosity are considered constant, the time of fluid ad- 
vance along a fixed distance 5 X is proportional to 


Kev’ where K is as defined below. 
It is customary to follow Muskat in assuming the 
velocity of the fluid front to be 


Rey, ID 


ufrt ax dt 
dx 
Kx) dp 
pfr dX 


and § T for a distance of length § X is given by the 
integral 
XA 
dt = | (6) 
Xx AK 


[= 
KOVJ 
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Subject to further definition of K, the time interval 
is also given by 
(8X)° 
If 8X, the inter-probe distance, is small, K will approxi- 
mate an arithmetic average of K for the interval 6X. 


= pfa 


dp Ou Qu 
From Eq. 3, here C == 
dp 
Substituting the value of AX in Eq. 6 the following 
XG 
But, 
oF. 
pfr (8X)"  KSP K8V 
and 


(8) 
To Cin Reg the of V for P and 
h, for K is made in Eq. 3, thus 
Op. 
L | (he)o + A he 


Since the value of AV along the total horizontal dis- 
tance is constant and is equal to 1,000 in the units of 
the potentiometer used then 


1000=C [L dx 


+ Fah, 


Chas Ah, 
from which C could be evaluated. 


+ Ah, L 


X 
It is to be noted that K which is equal to ee 


not a simple arithmetic average K for the interval 6X. 
From Eq. 8. 


1S 


1 1 
but 
| CdxX 
xX Kes 
Therefore, K is defined as: 
>_ 5X 
dX 
Kix) 
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NOMENCLATURE 
b — —width of medium 


C — aconstant which is equal to ——— 


f — porosity of medium, fractional 
\ — fraction of pore volumes swept by flood- 
ing reservoir 
h — depth of medium 
h. — depth of electrolyte 
(h.). — depth of electrolyte at the shallow end 
Ah, — the difference in electrolyte depth be- 
tween the deep and the shallow ends 


K., K.x),K: — specific permeabilities at distances O, X 
and L 
AK — difference in permeability between K,, 
and Ko 
L — horizontal distance between the two elec- 
trodes 
P., P.x),P.. — pressure at distances O, X, and L 


OQ — volumetric rate of flow 
5¢ — incremental time 
v — microscopic velocity 
— voltages at distance O and X 
AV — total voltage difference 
SV — voltage drop between probes (incremen- 
tal) 
X — horizontal distance 
5X — distance between probes (along stream- 
line) 
— viscosity 
o, — specific conductivity of electrolyte 
o — equivalent conductivity of electrolyte 
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MOBILITY RATIO--ITS INFLUENCE on INJECTION or 
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Potentiometric model studies of the five-spot water 
flood to determine the influence of mobility ratio upon 
injection or production histories are described. The re- 
sults suggest a method for the correlation of data from 
field pilot tests for the estimation of an effective mo- 
bility ratio and its effect upon field water floods. The 
effect of the well spacing-to-well radius ratio upon pro- 
duction histories is presented. A method of accounting 


for this factor is suggested. The influence of injection 


(or production) rates and injection and production well 
pressures upon production histories is shown. The five- 
spot well pattern was investigated for water-to-oil mo- 
bility ratios of 0.1 to infinity. 


EN TRODUCTION 


It has been well established that mobility ratio has 
an important effect upon flood patterns."*’** It should 
be equally apparent that injection and production his- 
tories must also be influenced by mobility ratio. How- 
ever, none of the articles referred to above mention 
the importance of being able to predict the effect of 
well pressures (or injection rates) during the entire 
time history of a waterflood operation. A complete de- 
scription of production histories (the terms “injection” 
and “production” are synonymous for the steady-state 
model under consideration) would provide values for 
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well pressures and interface positions at any time for 
a specified injection rate. Conversely, if the waterflood 
problem is specified in terms of a constant injection 
well pressure, then it would be desirable to know the 
injection rate and interface positions at any time. 


This paper describes the results of potentiometric 
model studies which were used to analyze the influence 
of mobility ratio on injection or production histories. 
A method is presented for calculating production 
histories over a range of ratios of well spacing-to-well 
radius. 

The basic method described in this paper to evaluate 
production histories is to: (1) determine interface posi- 
tion as given in Ref. 1, and (2) measure electrical cur- 
rent and voltage drop for each interface position. It 
should be mentioned that the current state of knowledge 
on flood patterns as affected by mobility ratio shows 
that significant discrepancies exist between the results 
of various investigators”**’. It is beyond the scope of 
this paper to discuss the reasons for such discrepancies. 
However, the method of determining production histo- 
ries presented in this paper could be applied to any of 
the swept-area patterns presented in the literature. All 
results given in this paper are based on a set of swept 
areas obtained by the potentiometric method. 

Potentiometric analyzer technique is adequately de- 
scribed in the literature’, but the basic assumptions in- 
volved in work of this nature bear repetition. It is 
assumed that: 

1. A distinct oil-water interface exists in the reser- 
voir; only water is mobile in the region behind the 
interface (water zone) and only oil is mobile in the 
region ahead of the interface (oil zone). 


2. There is a fixed mobility value, (k/)., associated 


205 


with the water zone, and a fixed mobility value, (k/)., 
associated with the oil zone”. 

3. The only fluids present are oil and water, and both 
are assumed to be incompressible and immiscible. 

4. The residual oil saturation value, S,,, and the inter- 
stitial water saturation value, S,, are constant for any 
particular reservoir. 

5. The rock matrix has a constant porosity and a 
constant thickness. 

6. Effects of gravity are negligible. 

7. A solution to the waterflood problem can be 
approximated by advancing the interface in discrete 
steps. At each step, while the interface is held station- 
ary, the liquids obey the classical refraction theory of 
streamlines at their interface. 

8. The above-described system can be simulated by 
a suitable electrolytic model’. 

All results from this study are based on the stated 
assumptions. When variations in permeability and net 
sand thickness are known for a specific field, the elec- 
trolytic tank is often modified to relax the fifth and 
second of the above assumptions. 


DIS.QUSSTON 


FLoop PATTERNS 


From the geometrical symmetry of the developed 
five-spot pattern, it is possible to represent the whole 
system by a square section with wells in two diagonal 
corners. 

The efficiency of a flooding operation is usually 
measured by volume of oil displaced by encroaching 
water. If oil and water are assumed incompressible and 
immiscible, the quantity of oil displaced is proportional 
to the area swept out (among other variables) by the 
water phase. But no rigorous analytical method is 
known for determining swept area for any particular 
well geometry when the mobility (ratio of permeability 
to viscosity, k/u) in the water zone is not the same as 
the mobility in the oil zone. The subject solutions of 
this difficult problem have been approximated by means 
of an electric analogy which represents the successive 
positions of the water-oil interface by a discrete number 
of steps and utilizes steady-state solutions at each inter- 
face position. (Published solutions have also been ob- 
tained by numerical methods’ and several types of fluid 
models”**.) The details of the potentiometric procedure 
have been described previously’. 


MoBILiTty RATIO AND SWEPT AREA** 


The interface positions (including break-through) 
were determined for the unit mobility ratio case for 
purposes of comparison with previously reported stud- 
ies. This particular problem has been investigated by 
such workers as Muskat’ and Hurst’, employing both 
model and analytical methods. The results of the sub- 
ject study by the potentiometric method are presented 
in Fig. 1. The areal sweep efficiency (swept area divided 
by network area) at break-through for this case is 70 
per cent, which is in good agreement with the values of 
71.5 and 72.6 per cent found analytically by Muskat* 
and Hurst’, respectively. 

For mobility ratios other than one and infinity, the 
procedure listed in Ref. 1 was employed. The water-oil 
interface was advanced by successive “steady-state” 
steps. At each successive advance of the interface, elec- 


*The symbols are defined at end of the paper. 

_“*Mobility ratio is defined to be the ratio of the mobility of the 
epee fluid behind the front to the displaced fluid ahead of the 
ront. 
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trolyte depths were readjusted so that the ratio of the 
depth of the electrolyte behind the interface to the 
depth of the electrolyte ahead of the interface was equal 
to the specified mobility ratio. For example, in the pat- 
tern for a mobility ratio of 10, the depth of the electro- 
lyte behind the interface was 10 times the depth of the 
electrolyte ahead of the interface. Break-through areal 
sweep efficiencies of 64.5, 65.8, 82.6, 88.5, and 94.5 
per cent were measured for mobility ratios of 10, 4, 0.4, 
0.25, and 0.1, respectively. 

It is desirable to find values of areal sweep efficiency 
for very large mobility ratios because previous studies 
indicate that areal sweep efficiency declines as mobility 
ratio increases. Thus it is important to set a lower limit 
for sweep efficiency. (This problem also has practical 
significance in the analysis of gas flow and accompany- 
ing movement of a burning front in the in-situ combus- 
tion thermal oil recovery process”.) Assume that infin- 
ite mobility ratio means that the mobility of the water- 
flooded region goes to infinite value, while the value of 
the oil region mobility remains a finite value. This 
would mean that a negligible fraction of the total poten- 
tial (pressure) drop between production and injection 
wells occurs in the waterflooded region. This condition 
can be represented in a potentiometric model if a strip 
of conducting metal is placed along each succeeding 
interface and the conducting (copper) strip is con- 
nected directly to the injection electrode. With this 
arrangement, the voltage (pressure) drop between the 
injection electrode and the interface is negligible. An 
analogous arrangement has been described utilizing con- 
ductive paint upon electrolyte-saturated blotters”. 

The successive interface positions for a mobility ratio 
of infinity were carried out by the potentiometric 
method and the results are shown in Fig. 2. The break- 
through areal sweep efficiency for this case is 62.5 per 
cent. This pattern was checked independently by means 
of the electrolytic blotter with interfaces represented by 
silver conductive paint. The dashed lines on Fig. 2 indi- 
cate the break-through shape for this blotter study; the 
corresponding value of break-through areal sweep effi- 
ciency is 60.1 per cent. Eight incremental steps were 
used in the potentiometric study and 14 incremental 
steps were taken in the electrolytic blotter study. 
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COMPARISON OF FLOODED AREAS 
FOR VARIOUS MOBILITY RATIOS 


Fig. 3 is a correlation of the break-through areal 
sweep efficiency and mobility ratio for this study and 
includes other published results. The wide disagreement 
in reported results is obvious. Nevertheless, all reported 
studies do agree that mobility ratio has an important 
effect upon sweep efficiency. The degree of repreduci- 
bility reported for the above sets of data is much higher 
than the difference in the results. Therefore, it appears 
that there are fundamental differences between the 
models used in these studies which become important 
at high and low mobility ratios. A resolution of the 
differences is not readily apparent. 


INFLUENCE OF MOBILITY RATIO ON 
HISTORY OF PRODUCTION RATES 


Assuming the relationship between mobility ratio and 
areal sweep efficiency as determined by the above 
method is acceptable, it is possible to study the effect 
of mobility ratio on production and pressure histories 
in the five-spot flood. The potentiometric analyzer is a 
convenient instrument for determining pressure and pro- 
duction histories because it permits simple measurement 
with conventional instruments of the analogous values 
of electrical currents (flow rates) and voltages (pres- 
sures) at any interface position. Further, the instrument 
is well-suited for dimensional scaling because tanks and 
electrodes may be fabricated easily to any particular 
dimensional scale. 

Such measurements of voltages and currents at each 
interface were made for the values of mobility ratio 
discussed in this paper. Similar measurements for the 
infinite mobility ratio case were made with the electro- 
lytic blotter model employing conductive paint to rep- 

‘resent succeeding interfaces. Because the ratio of volt- 
age drop to current flow is required, the resistance 
between electrodes can be used to determine flow rate 
and pressure data for a particular pattern. In the case 
of the blotter study, resistance measurements with an 
alternating current bridge were substituted for the volt- 
age and current measurements made for the potentio- 


metric study. 
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It should be emphasized that a potentiometric study 
could be carried out for any specified well pattern 
(symmetrical or asymmetrical) and for any specified 
permeability, porosity, and depth distribution of the 
formation. The following is presented as an illustration 
of the information which can be derived from such 
work. 


CONDUCTANCE RATIO 


Fig. 4 presents a family of curves for a dimensionless 
parameter, y, vs the per cent of the distance between 
production and injection wells to which the water-oil 
interface has advanced, (N.A.)*. The plotted points 
represent actual data from the potentiometric studies. 
The term y (defined as the conductance ratio) is the 
ratio of production rate per unit pressure drop between 
injection and production wells for any given value of 


_ mobility ratio to the production rate per unit pressure 


drop for a unit mobility ratio, based on equal oil mobil- 
ity values. The quantity y is measured in the electrical 
system, and is equal to (i/AE)/(i/AE).=. But it can 
be shown that y must be the same for a fluid system and 
equal to (q/Ap)/(q/Ap) a1, at a given nose position, 
for a specified mobility ratio. 

All experimental values of y were determined for a 
well spacing-to-well radius (d/r,) ratio of 800. Al- 
though y depends upon (d/r,,), the relationship between 
the two can be calculated easily by a material balance 
and pressure drop calculation based on steady-state flow. 
Hence values obtained experimentally for any particular 
d/ry ratio can be converted to apply to any other de- 
sired d/r,, ratio. Assume that an annular core of suitable 
dimensions and physical properties may be placed in 
the injection and production wells such that the well 
radius, r,, may be varied and thus (d/r,) may take 
any finite positive value. Because the total flow of the 
incompressible liquids through each core and the forma- 
tion must be equal, the additional pressure drop through 
the cores may be evaluated (flow through the cores will 
be essentially radial). These calculations yield the fol- 
lowing general expression of the effect of (d/r,) on the 
conductance ratio, y: 


(2) — 6.68) 
{+ 
Y (In B — 0.619) 


*The (N.A., nose advance) is defined to be the percentile ratio of 
the distance between the injection well and the interface position 
(along a line adjoining production and injection wells) to the dis- 
tance between injection and producing wells. The nose advance is 
100 per cent at breakthrough. 
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where B is the desired value of (d/r,) different from 
800, y is the conductance ratio shown in Fig. 4 for 
(d/r..) = 800, and y, is the desired value of conduct- 
ance ratio for (d/r.) = B. Fig. 5 illustrates the depend- 
ence of y upon (d/r,,). The greatest effect shown is for 
a mobility ratio of 0.1, although significant variation 
occurs for all mobility ratios at interface locations near 
either injection or production wells. Before the conduct- 
ance ratio, plotted in Fig. 4, may be used for a specific 
five-spot flood pattern, it should be corrected for the 
actual (d/r,,) by use of Eq. 1. 

Fig. 4 suggests a method for the correlation of meas- 
urements taken from a field water flood (provided cor- 
rection is made for the effect of d/r,,). With proper 
field data, such a plot could be used to estimate an 
over-all effective value of mobility ratio for the field 
flood. One difficulty in making such a correlation is that 
position of nose advance can only be observed at water 
break-through. Fig. 6 is a plot of areal sweep efficiency 
or “swept area,” (S.A.), as a function of nose advance, 
(N.A.). This work plot was prepared by planimetering 
the area inside succeeding interfaces for each mobility 
ratio (such as those shown in Figs. 1 and 2). A plot of 
y vs swept area, (S.A.), may be made by reference to 
Figs. 4 and 6, in view of the relationship between swept 
area, (S.A.), and nose advance, (N.A.). The swept area 
may be correlated with y, because swept area may be 
computed directly from field data. The cumulative water 
injected, W;, may be expressed as follows: 


S.A. 
unit area) h_ . (4) 


gience, swept area, (S.A.), may be Ree: from the 
Known injection rate history, provided it is feasible to 
estimate , S.., and S, from core analysis data. It is 
necessary to evaluate the production rate per unit pres- 
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sure drop for unit mobility ratio before y may be calcu- 
lated from field test data. Fortunately, analytical solu- 
tions for this quantity for the case of unit mobility ratio 
are available. Muskat’ presented the following expres- 
sion for the case of single phase flow in the developed 
five-spot well pattern at unit mobility ratio: 
k 
If an estimate of the oil permeability can be obtained 
from core analysis or field test data (productivity in- 
dex), Eq. 3 can be used to evaluate (g/Ap) a=, and ulti- 
mately, y 
Another useful application of the conductance ratio, 
y, is in estimating the time factor in water flooding. 


The following simple method is suggested. 


W, 
Ler ae ) represent the average injection rate dur- 


ing the time At. Then,( = 
hyp 


(network unit 100 


Where the product (network area) {art repre- 


sents the additional area swept out as the interface 
advances during the time At. The shaded area in Fig. 1 
illustrates the significance of terms in Eq. 4. The term 


AW; 
: can be expressed in terms of an average con- 


W; 
ductance ratio, y, from Figs. 4 and 6, because ‘Ge ) 


is equal to q. 


AP 
6.0 
LEGEND 
5.0 
d = 
500 
= sooo —— 
Ww 
MOBILITY RATIO = 
H 
10 
a 
a: 
SS 
= \ 
0.4 
o6 
Sos 
0.25 
80.4 
0.1 
0.2 | | | 


NOSE ADVANCE, PERCENT 
Fic. 5—EFFEcT oF (d/r,.) ON CONDUCTANCE RATIO. 


PETROLEUM TRANSACTIONS, AIME 


100 


MOBILITY RATIO = 0.1 
0.2 
0.4 
80+— 
i} 
4 
10 
= 
60;— 
INFINITY 
a 
uJ 
aq 
a 
WwW 
= 
wn 
: | | | 


ie) 20 40 60 80 100 
NOSE ADVANGE , PERCENT 
Fic. 6—SweEptT AREA vS NosE ADVANCE FOR VARIOUS 
RATIOs. 


Because the pressure differentials are equal for both 
mobility ratio, Eq. 5 reduces to: 


Substitution of Eq. 6 into Eq. 4 yields: 
¢(metwork unit area) (AS.A.)h 


(7) dan: (100) 


(6) 


At 
The break-through time at unit mobility ratio, (t,) a1, 
has been reported in the form of the following equa- 
tion’: 

_ 2.270 ¢ (1 — S,, (network unit area) h 


t 
(ty) 
(8) 
Dividing Eq. 7 by Eq. 8: 
(9) 


Because it was assumed that S,, and S, are constant 
for any particular reservoir, Eq. 9 reduces to: 


(ty) a=1 
This equation may now be used to evaluate time incre- 
ments and time values for all intermediate and break- 
through interface positions for various mobility ratios. 

Fig. 7 is a plot of relative time of break-through 
as a function of mobility ratio. The time of water break- 
through increases tenfold as the mobility ratio varies 
from 10 to 0.1 (100-fold). But, break-through time de- 
creases less than 10 per cent as mobility ratio varies 
from 10 to infinity. Fig. 7 may be used to evaluate an 
effective mobility ratio for pilot flooding tests, provided 
this figure is corrected for the influence of the (d/r.) 
ratio. 

Fig. 8 presents a correlation of the conductance ratio, 
y, against the dimensionless time parameter t/ (to) ons. It 
is possible to calculate complete histories of production 
rates per unit pressure drop over a large range of mobil- 
ity ratios by use of Fig. 8. The curves apply to any 
developed five-spot water flood that obeys the basic 
assumptions listed above, and whose (d/r,.) ratio is 


near 800. 


(10) 
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CONCLUSIONS 


The results described in this paper for the five-spot 
water flood indicate a method for correlating pilot or 
field water test data for use in predicting performance 
in flooding operations in similar fields. Further, it is 
shown that the well spacing-to-well radius ratio may 
play an important part in production histories from 
flooding operations. The curves presented illustrate a 
technique whereby effective values of mobility ratio may 
be determined from field test data such as cumulative 
volume of water injected, water break-through time, in- 
jection rates, and injection and production pressures. 

It should be emphasized that the values of pattern 
sweep efficiency and time history data reported here are 
not necessarily those to be obtained in field practice. 
They are only indicative of the trends for an idealized 
system. An evaluation of the influence of variations in 
horizontal and vertical permeability upon the results 
was outside the scope of this work. However, these fac- 
tors could be included, when known, in similar poten- 
tiometric studies for any specific well pattern by means 
of techniques similar to those described. Variations in 
formation characteristics from the ideal formation as- 
sumed in this study could result in substantially differ- 
ent results for over-all recovery efficiencies and produc- 
tion histories. 
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NOMENCLATURE 


k — permeability in darcys 

bb — viscosity in centipoise 

— mobility to water, (ky 

Ne — mobility to oil, 

a — mobility ratio, A,/A. 

p — pressure in atmospheres 

Ap — pressure difference between production and 
injection wells in five-spot pattern 

q — production (or injection) rate in cm’/sec 

i — electrical current into or out of electrodes 
in amps 

KE — voltage difference between injection and 


production electrodes in volts 
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(q/Ap) — production rate per unit pressure drop for 
any specified mobility ratio 

(q/Ap) .-:— production rate per unit pressure drop for 
unit mobility ratio when the mobility is 


specified 
SD) (i/AE) 
— conductance ratio, 
(i/AE)ex 
N.A. — nose advance, percentile ratio of distance 


from injection well to interface position 
(along line of symmetry) to total distance 
between wells 

S.A. — swept area (areal sweep efficiency), per- 
centile ratio of area of water region to the 
unit network area 


A(S.A.) —Jincrement of area swept during the time 
period At 

W, — cumulative water injected in cm* 

AW; — water injected during time period At in 
cm’ 

— porosity fraction 

Sak — residual oil saturation in water region ex- 
pressed as a fraction of pore volume 

Se — interstitial water saturation expressed as a 
fraction of pore volume 

d — distance between injection and production 
well in cm 

ine, — well radius in cm 
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h — net formation thickness in cm 


t — time in seconds 

At — time interval in seconds 

(te.  —time of water break-through for unit mo- 
bility ratio based on specified value of oil 
mobility 

ty —time of water break-through for arbitrary 


mobility ratio 
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OIL-WATER DISPLACEMENTS in MICROSCOPIC CAPILLARIES * 


C. C. TEMPLETON 
S. S. RUSHING, JR.** 
JUNIOR MEMBERS AIME 


SHELL DEVELOPMENT CO. 
HOUSTON, TEX. 


£3408 


Methods previously developed for the study of air- 
liquid displacements in microscopic capillaries (inner 
diameters of 3 to 40 microns) have been used to investi- 
gate oil-water displacements in capillaries initially filled 
with water. Displacement calculations assuming per- 
fect displacement and no capillary pressure hysteresis 
ytelded oil effective viscosities smaller than the 
macroscopic viscosities. For a given liquid pair, the 
oil effective viscosity decreased both with decreasing 
capillary size and with increasing oil-water viscosity 
ratio. This behavior can be explained by the existence 


of an annular water film (20 A to 260 A thick) on the 
capillary wall. 

When the capillary was first filled with oil, the ratio 
of the oil effective viscosity to the normal oil viscosity 
was highest for the first water displacement and de- 
creased with subsequent displacements. Sometimes the 
oil effective viscosity ratio during the initial water dis- 
placement was greater than unity. 


INTRODUCTION 


In a previous paper’ a technique was described for 
studying air-liquid and liquid-liquid displacements in 
very small capillaries of uniform diameter, in the hope 
that such microscopic data would further the under- 
standing of the nature of multiphase fluid flow through 
porous media. That paper contained comprehensive 
data for air-liquid displacements in Pyrex capillaries, 
with a few data for oil-water displacements in capil- 
laries initially filled with water. 

The purpose of this paper is to present more com- 
plete results for oil-water displacements in capillaries 
initially filled with water, and to describe for the first 
‘time such observations in capillaries initially filled with 
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oil. In this way the effect of the wetting history of the 
system upon the displacement process may be studied. 


METHODS 


The basic techniques employed were described in 
the previous paper.’ The measuring procedure and the 
working equations will be briefly summarized here and 
a few modifications will be pointed out. 

For the present study, temperature control within 
0.1°C was obtained by placing the microscope and its 
immediate accessories in a thermostated air bath made 
of a steel frame covered with plexiglas. 

The water and oils used in this work were the same 
as in the previous paper,’ with the addition of “Me- 
dium Mineral Oil, U.S.P.” supplied by the Harshaw 
Scientific Co. 

When the first liquid was introduced into the hori- 
zontal capillary, the air-liquid static capillary pressure 
P’ was measured along the observable length of the 
capillary. From the relation P?’ =4y cos 9°/d, the capil- 
lary diameter d could be calculated from P® if the 
“microscopic” air-liquid boundary tension, T° = y cos 
6°, was taken as equal to its known “macroscopic” 
value. This -calculation involves assuming that cos 6° 
= 1 and that capillary size or the resulting high interfa- 
cial curvature has no effect on surface tension, or y 
cos 9, as was verified by our work,’ and also by that 
of Cohan and Meyer,’ on air-liquid-solid systems. For 
several capillaries these calculated diameter values were 
compared with values measured visually with a filar 
micrometer eyepiece.’ For a given capillary the aver- 
age values for the two methods agreed within 1 or 2 
per cent, but the visual values were less reproducible 
than the calculated values. Further the calculated values 
were much less subject to personal bias and took into 
account any slight ellipticity that might be present. 
Hence diameters calculated from air-liquid P°® data 
were used throughout this paper. 

The second liquid was introduced in such a way 
that a single spherical interface separated the two 
liquids. Displacements were always made with a con- 
stant pressure, P,, between the ends of the capillary. 

The times (ft) at which the interface passed certain 
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positions were then observed. The interfacial position 
was expressed as x, the length of the capillary occu- 
pied by the wetting phase. The interfacial velocity v 
was derived from these (x, ¢) data. In some cases the 
static and dynamic contact angles (6° and 0, respect- 
ively) were measured from photographs. The oil-water 
P® was measured before and after each displacement. 


Other measured quantities were: 
1, the length of the capillary 
uu, the viscosity of the wetting phase 
and j., the viscosity of the nonwetting phase. 
The viscosities were measured in conventional vis- 
cometers. 
The static boundary tension at the interface was de- 
fined as 
5 ( 
One then assumes that: (a) Poiseuille flow prevails, 
(b) the fluids are incompressible, (c) displacement is 
perfect at the interface, and (d) capillary hysteresis is 
borne out by observed equality of 0 and 6°, or by the 
constancy of the microscopic effective viscosities (/ .,, 
and w,,,) When the direction of displacement is re- 
versed, all other parameters being constant. This leads 
to the basic equation: 
8v 
If a symbol G is used for the combination of known 
constants, 


one can rearrange Eq. 2 to obtain 


G 
Pare) X ba eff l (2a) 


G 
For a given displacement a plot of a vs x is then 


linear and “graphical” values of p: ere May be 


obtained from the slope and intercept of such a plot. 
Whenever the viscosity of one phase is much lower 
than that of the other phase, it is convenient to set 
|! = ere for the less viscous phase; then a “numerical” 
value of pers for the other phase may be calculated 
from each (x, ¢t, v) point. 


and 


eff 


For an oil-water displacement, when the oil effective 
viscosity ratio (p2,,,/p2) is appreciably less than unity 


for 42 >> ps, ONe May assume, in the manner of Yus- 
ter,’ that instead of perfect displacement there is an 
annular film of water between the wall and the oil, 
which flows and imparts an extra peripheral velocity to 
the entire oil column. The values of p.,,,, calculated 


on the basis of perfect displacement, can be converted 
to such water-film thicknesses by means of the rela- 
tion’ 
M2 cee My 
r is the thickness of the film. 


where 


RESULTS AND DISCUSSION 


“WATER-IN-FIRST” SYSTEMS 
For the case in which the capillary was initially filled 
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with water, the previous paper’ reported effective vis- 
cosity ratios and for only water-ben- 
zene and water-Nujol systems, covering two extremes 
of the viscosity ratio (u./p: = 0.66 to 0.68 or p/p = 
165 to 176) with no intermediate cases. The diameters 
of the capillaries used were all between 4.4 and 6.2 
microns. For the water-benzene case both p.,,,/p: and 


Lo eep/M2 had their expected values of unity. For the 


water-Nujol systems, the ratio for the water phase 
(Hs.¢:/ps) could not be measured precisely, tut for 


the oil phase, py. ,,,/: could be measured with fair pre- 


cision and was in the range of 0.47 to 0.57. 
The present study was aimed at determining 4,,, /}! 


and Tatios at intermediate values of and 


for other values of the capillary diameter. To this end 
a total of 143 displacements for water-Medium Mineral 
Oil or water-Nujol systems in 10 individual capillaries 
were studied. Approximately equal numbers of oil dis- 
placements and water displacements were observed, it 
being usual to conduct an oil displacement and a water 
displacement one after the other in each system for 
the same absolute value of (P* — P,). As in previous 
work the oil effective viscosity ratio, p2,,,/p2, had the 


same value (within 2 per cent) during both displace- 
ments, substantiating the assumption of negligible capil- 
lary pressure hysteresis.* Fifty-seven of the displace- 
ments were run in capillaries having diameters in the 
3.4 to 4.0 micron range; the other 86 displacements 
were in capillaries having diameters in the 23 to 35 
micron range. (Any given capillary had a constant 
diameter within 2 per cent.) 

By studying displacements in a given capillary suc- 
cessively at different temperatures between 25°C and 
50°C it was possible to vary p/p, keeping the other 
properties of the system relatively constant. 

For each capillary the T° values taken before, be- 
tween, and after the displacements at a given temper- 
ature were within +2 per cent of the average value. 
The original criterion for equilibrium and accuracy of 
measurement of the static properties was to be whether 
T’/y was numerically equal to cos 6° as measured on 
photographs of the interface. Both cos 6° and cos 6 
were essentially unity for most of the cases in which 
they were determined. 

For the present systems, if a “macroscopic” pendent- 
drop value of y was used, T’/y was always greater 
than 1.39, and sometimes as high as 1.7. Since this was 
surely beyond experimental error, none of these T°/y 
values could correspond to cos 6° in their respective 
capillaries. 


The average deviation of T° at any particular tem- 
perature was always less than = 4 per cent, and often 
was less than + 1 per cent. The variation of T° with 
temperature was less than 5 per cent over the 30° to 
50°C range. Thus, at any given temperature, T° in any 
one of the systems was reasonably constant over the 
time required to make quantitative observations of dis- 
placements. As further check, the variation of T° in 
water-Nujol system with time at a fixed point within a 
capillary was observed in two capillaries: a 3.72- 
micron-diameter capillary for 14 days, and a 42.94- 


*Comparison of the water effective viscosity ratio (Miett/fa) val- 
ues for such pairs of successive oil and water displacements revealed 
much larger variations, owing 1o the low precision of measurement 
of waett/u1, when is large. 
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inicron-diameter capillary for 18 days. For the latter 
capillary, the regular change was a decrease of about 
0.015 dyne/cm in T° per hour, and for the former was 
about 0.002 dyne/cm in T° per hour. 

The unreasonable T°/y values could be due to y in 
the capillary being higher than the macroscopic y. For 
this to occur, liquids near the oil-water spherical inter- 
face (called simply the “interface” elsewhere in this 
paper) would have to be purer than when outside the 
capillary. This implied that surfactants originally in 
the oil were adsorbed near the end. For this “water-in- 
first” case, there was probably an annular film of water 
formed between the oil column and the wall, in which 
the surfactants were adsorbed near the capillary end. 
Since the spherical interface was always many diam- 
eters from the ends when observed, considerable time 
was required for the surfactants to diffuse from the 
cylindrical oil-water interface to the spherical interface 
and lower its interfacial tension. 

The p,,,/p: values for these displacements varied 
from meaningless negative values to as high as 10. 
Such a range of ba, When >> was, however, 
simply due to yw, ,,, being a small difference between 
two large numbers, as explained previously. Because of 
this, it was assumed that, for all the capillaries, flow 
of water was normal (i¢., fu). The “nu- 
merical” and “graphical” values for 
nearly equal. 

From the data for the individual displacements, it 
was shown that there was no correlation between 
and (P* — P )/P°. For analyzing the depend- 
ence Of ps ,,,/f2 UPON and upon was plot- 
ted against p/p, for each of the two general ranges of 
capillary diameter. Thus Fig. 1 indicates separate re- 
lationships for the capillaries whose diameters were be- 
tween 3.4 and 4.0 microns and for those whose diam- 
eters were between 23 and 35 microns. Instead of 
showing points, Fig. 1 shows the regions in which 
over 85 per cent of the points fell. In the water-Me- 
dium Mineral Oil systems, p./y, ranged from 40 to 
75, while for the water-Nujol systems the p/p, range 
was from 65 to 135. Also indicated, near unity on the 
[2 .¢,/P2 axis, are the limits .of the previous’ results for 
water-benzene systems. 

In Fig. 1 a trend of decreasing p.,,,/2 With increas- 
ing p/p, is apparent, as is a dependence of p»,,,/m: OD 
capillary size. The data indicate that flow is consider- 
ably faster when . >> 1, than is predicted by Poi- 
seuille’s law subject to the assumption of perfect dis- 
placement, and also that this effect increases as the 
diameter decreases. 

We believe that the physical significance of these low 
[2 «ep/2 Values is best explained by the presence of 
an annular water film about the oil column as postu- 
lated in the Yuster model. 

Eq. 3 was used to convert the p.,,, data into such 
water-film-thickness values, which are listed in Table 
1. Each entry in Table 1 refers to all the displacements 
in a single capillary (about 14 displacements on the av- 


erage). These values, varying from 20 A to 260 A, 
were reasonable, being greater than molecular dimen- 
sions, but. were below the limit of resolution of the 
microscope, and hence invisible. The film thicknesses, 
although fairly constant for a single capillary over the 
range of temperature studied, differed considerably be- 
tween different capillaries that should have been com- 
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parable. Apparently, the water film, once established, - 
retained a relatively constant thickness for an appre- 
ciable time. However, the thickness probably depended 
upon the circumstances of the first oil entry. It is not 
known how much error was introduced by the use of 
the normal viscosity of water for films only a few mole- 
cules thick. Therefore, we can only conclude that the 


thickness of these films are of the order of 100 A. Z 


“OIL-IN-FirstT” SYSTEMS 


When a Pyrex capillary is initially filled with oil, 
and water then displaces the oil, the system cannot be in 
wetting equilibrium during the first few displacements. 
Consequently one must study the trend of the effective 
viscosities from one displacement to the next, rather 
than take averages of several displacements as was done 
for the “water-in-first” systems. 


Six capillaries were used, and in all but one, air-oil 
displacements were studied immediately before the air 
was replaced by water. The techniques and equations 
used were the same as those of the previous section; 
}l2/f Was varied from 13.5 to 166, and the capillary 
diameter was near either 6 microns or 30 microns. 


The static capillary pressure behavior of these “‘oil-in- 
first” systems was similar to that of “water-in-first” sys- 
tems. There was no interfacial hysteresis or distortion 
visually apparent. The contact angles were measured 
from photographs of only two capillaries. Both cos 6 
and cos 6° were 1.00 for one capillary. In the initial 
water displacement in the other capillary, cos 6 was 
0.92 while cos 6° was 1.00, but in the subsequent dis- 
placements both cos 6° and cos @ were 1.00. 

All the oil effective viscosity values in this section are 
“numerical”; i.e., the less viscous phase was assigned 
its macroscopic viscosity in the calculations. These data 
are depicted in Fig. 2 where the oil porr/m* has been 
plotted as a function of the sequence of displacements, 
first for the air-oil case and then the water-oil displace- 
ments which immediately followed. 

The p: ,,,/pf2 value for oil during the first water dis- 


placement** into an oil-filled system was greater than 


*According to our notation the oil effective viscosity is mierr for 
an air-oil displacement, but is were for a water-oil displacement. 

**In Fig. 2 and in the text, a ‘‘water displacement” refers to the 
ease when water is entering the capillary, displacing another fluid. 
“Air displacement” and “oil displacement’’ are defined in an analo- 
gous manner. 
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TABLE 1—CALCULATED WATER-FILM THICKNESSES FOR 
**WATER-IN-FIRST'' SYSTEMS 


(Each Value for a Single Capillary) 
Water-Film Thickness (A) 


System 3.4-4.0 Micron ID 23-35 Micron ID 
Water-Nujol 6649 
PY 55 
85 
Water-Medium Mineral Oil 5646 136 + 15 
ADE 141 + 66 


the values for subsequent displacements. The latter 
values decreased toward what would be expected for a 
“water-in-first’” system. For the water-Cut No. 3 and 
water-Cetane-Nujol mixture systems, ,,,/M2 values for 


the first water displacement were appreciably greater 
than unity, although for water-Nujol systems the values 
were all less than unity. During any given displacement, 
M2 for the “water-in-first” systems was usually con- 


stant within + 3 per cent. This level of constancy did 
not extend to the “oil-in-first” results, where pu. ,,, might 


vary 10 to 15 per cent during a single displacement. 
There was no significant difference between the results 
of displacements in large and small capillaries. 


For the Nujol-water systems, a sufficient explanation 
of the decreasing p.,,,/M. values is that the annular 


water film was being established. However, for the other 
systems, in which the 2,,,/2 values for the initial water 


displacements varied from 1.20 to 1.31, some additional 
explanation is necessary. The oil effective viscosity ratio 
values for air-oil systems in the same capillaries were, 
in no case, greater than unity. This is evidence (which 
is independent of any error in r) that oil exhibited a 
higher effective viscosity during the initial water dis- 
placement into an oil-filled capillary than it did when 
studied against air in the same capillary. 

The retardation of flow during the initial water dis- 
placement cannot be solely ascribed to effective reduc- 
tion of the diameter by an immobile oil layer (of uni- 
form thickness) on the wall in a water-oil system when 
previously it has been shown’ that no sufficiently thick 
layer exists in an air-oil system. If a high pr ,,,/p2 value 


is ascribed to effective reduction of the diameter, it can 
be shown that when p,. >> w,, the ratio of the actual 
radius to the effective radius will be numerically equal 
to Thus, if was 1.3, the immobile oil 


film would have to be 0.3 micron thick in a 5-micron- 
diameter capillary and 1.8 microns thick in a 30-micron- 
diameter capillary. Had such films existed, they would 
have been visible. 

Umstatter,’ in discussing microviscometer design, 
stated that a layer of liquid at least 0.1 micron thick is 
left on the capillary wall during an air-liquid displace- 
ment. He cited only the work of Ubbelohde,* who deter- 
mined, by means of an interference comparator, the 
thicknesses of oil films between two optically flat glass 
plates as a function of static load. It is questionable 
whether Umstatter could apply the observations of Ub- 
belohde with glass plates to displacements in capillaries. 
The work of Bulkley’ on single-phase flow of several 
liquids in platinum capillaries as small as 19 microns in 
diameter showed that no rigid adsorbed layer on the 
wall could be thicker than about 0.03 micron (unless it 
had the same thickness for all liquids). 

It might be claimed that these high oil booee /P2 Values 


during the initial water displacement were caused by 
capillary pressure effects rather than flow effects; i.e., 
that it is incorrect to use P? = P, for the initial water 


displacement. If the most unfavorable single value of Pe 
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available for a given system was used instead of the 
over-all average, ji2,,, /[2 Was lowered by a maximum of 


6 per cent. The previously mentioned value of cos 9 = 
0.92 while cos 6° = 1.00 would not account for more 
than 4 per cent of ps,,,/us For all the initial water 


floods into oil-filled capillaries, the absolute value of 
(P° — P.) was greater than 2 P*. Hence, an 8 per cent 


error in cos 6 might reflect an 8 per cent error in P® but 
not more than a 4 per cent error in p2,,, when Eq. 2 


is used. 

The postulation of a more complex, nonequilibrium 
fluid distribution is the only manner in which we think 
the high j2,,,/u.2 values for the initial water displace- 


ments into oil-filled systems can be explained at present. 
Since surfaces that have first been contacted with oil 
have a tendency to be oil-wet, it is possible that the oil 
is not displaced completely from the wall by the initial 
water displacement. This oil may be left behind in the 
form of globules, patches, or tori. A torus could locally 
constrict the capillary diameter sufficiently so that flow 
would be retarded considerably. In later displacements, 
the oil is displaced more completely and hence the flow 
tends to return to normal, i.e., to the flow behavior for 
the water-in-first case. 
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ABSTRACT 


Experimental studies covering a wide range of core 
materials and fluid properties have been conducted to 
determine the mechanism of oil displacement by water 
in a partially gas-saturated porous medium. In all in- 
stances, the presence of a gas phase was found to have 
a beneficial effect in reducing residual oil saturations. 
The practical significance of this benefit is discussed, and 
a simplified procedure is outlined for evaluating the 
effects of free gas on water flooding by means of short 
core tests. 


INTRODUCTION 


In addition to oil and water, reservoirs subjected to 
water flooding frequently contain, also, a gas phase. 
Common engineering procedures account for the pres- 
ence of this “free gas” only from the viewpoint of volu- 
metric balance, implying that the only role of the gas 
consists of providing “fill up” space. It is usually vis- 
ualized that during the initial stages of the water inva- 
sion, the oil, moving ahead of the water, displaces part 
of the gas and that subsequently the remaining portion 
of the gas phase is totally compressed and dissolved in 
the advancing oil bank. Thus, consideration of a two- 
phase, water-oil flooding mechanism supplies an ade- 
quate basis for predictions of oil recovery if the pres- 
sure build-up caused by the flood is sufficiently great, so 
as to reduce the free gas saturation to a negligible value 
in any portion of the reservoir by the time that portion 
is reached by the advancing flood water. In many in- 
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stances, however, waterflooding operations are carried 
out when the reservoir pressure is still relatively high so 
that the pressure build-up associated with the water 
flood may not result in complete dissipation of the gas 
phase. Under such circumstances it is necessary to ascer- 
tain whether or not the presence of free gas has an 
effect on waterflood behavior and, if so, to account for 
any such effect in the evaluation of field operations. 


The difficulties encountered in attempting to arrive at 
a comprehensive picture of the displacement mechanism 
of oil by water in the presence of free gas stem from 
the fact that most of the published data on this subject 
were obtained under conditions that were either not 
clearly representative of those existing in a reservoir or 
not sufficiently controlled to permit evaluation of the 
effects specifically caused by the gas phase. Some of the 
most precise data found in the literature were obtained 
in tests using a “static” gas phase created prior to each 
water flood by circulating oil through partly gas-satu- 
rated cores until a “trapped,” residual gas saturation 
was established throughout the system.’ Other investiga- 
tions were conducted under more representative condi- 
tions where the gas phase was free to move during the 
water flood; but in most cases the results of these tests 
were obscured by auxiliary phenomena which arise from 
the compressibility and solubility of the gas and pre- 
clude quantitative conclusions.”*-* 

Prior to water flooding, a reservoir usually contains 
oil and gas, distributed in a manner in which both are 
free to move. Thus, the principal objective of the pres- 
ent studies was to determine the type of displacement 
mechanism occurring when water invades a porous me- 
dium containing oil and a “mobile” gas phase. Further- 
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more, it was desired to investigate the effect of free 
gas on waterflood oil recovery for a wide range of core 
materials and fluid properties. 


EXPERIMENTAL PROCEDURE 


Seven cores representing five different types of water- 
wet and oil-wet porous media were used in the present 
studies. The characteristics of these cores, ranging from 
2 to 18 in. in length, are summarized in Table 1. The 
samples were mounted in steel core holders, designed 
for operating pressures up to 1,800 psi and provided 
with “O” ring-sealed, steel end-plates. The sealing of 
the core material in the holder was accomplished by 
means of a low melting point bismuth alloy which has 
the property of expanding upon solidifying. 

In order to study the effects caused specifically by 
the presence of a third phase, the free gas, on the dis- 
placement mechanism of oil by water, it was desirable 
to minimize any gas compressibility and solubility 
phenomena. To achieve this purpose, the flooded sys- 
tems were maintained at a relatively high pressure level 
(about 1,100 psi) as compared to the flowing pressure 
differentials (about 50 psi) imposed across the systems 
during the floods, and all liquids used in the flooding 
tests were pre-saturated with gas at 1,100 psi. Helium, 
which is only very slightly soluble in oil and water, 
was used as the gas phase. The oils employed in the 
experiments were Soltrol “C” (Phillips Petroleum Co.), 
Marcol “JX” (Esso), and Primol “D” (Esso), having 
viscosities of about 1.4, 22.0, and 116 cp, respectively 
at 76°F. 

A constant rate precision pump was used to deliver 
mercury to a battery of transfer vessels to displace the 
helium-saturated liquids (brine or oil) through their 
respective filters into the core. The pressure level of 
the flow system was controlled by means of a back 
pressure regulator at the exit of the core. Produced 
fluids passed through this regulator and were then 
measured volumetrically at atmospheric pressure. The 
absolute inlet and outlet pressures of the flow system 
were measured using two (Bourdon type) Heise pre- 
cision pressure gauges and the pressure drop across the 
test sample was determined by means of a Statham dif- 
ferential pressure gauge. 

In all of the tests, except those performed on the 
dri-filmed Alundum cores, connate water was estab- 
lished prior to water flooding. To avoid changes in flood- 
ing behavior that could be brought about by rock com- 
paction or variations in fluid properties, all flooding 
tests, including the reference floods, were performed 
with helium-saturated liquids and at the same pres- 
sure level, 1,100 psi. After a test sample had been sat- 
urated with the appropriate oil, one of the three follow- 
ing types of operations was carried out: 

1. Reference water floods, performed without any 
free gas in the core, to provide a standard of compari- 


TABLE 1—CORE PROPERTIES 
Air 


Core Core Length Diam. Porosity Permeability 

No. Material Wettability Inches Inches Per Cent Millidarcys 

1375 Torpedo Water-Wet 10.0 1.95 22.8 375 
Sandstone 

T640 Torpedo Water-Wet 8.5 1.95 24.9 640 
Sandstone 

A414 Untreated Water-Wet 12.0 1.46 26.6 414 
Alundum 

R146 Redwater Water-Wet 13.2 3.41 19.7 146 
Limestone 

B279 ~~ Berea Water-Wet 18.0 1.92 19.3 279 
Sandstone 

DFA87 Dri-Filmed Oil-Wet 12.0 1.49 25.8 87 
Alundum 

DFA88 Dri-Filmed Oil-Wet 2.0 1.49 26.2 88 
Alundum 
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son for evaluating the water floods in the presence OI 
free gas. 

2. Water floods in presence of a mobile gas phase. 
A mobile gas phase was established prior to water 
flooding by driving the core with helium until the 
amount of oil displaced indicated that the desired value 
of gas saturation was attained. 

3. Water floods in presence of a trapped gas phase. 
In preparation for this type of test a mobile gas phase 
was first established in the manner described under 
Item 2. Subsequently, the core was “oil-flooded” with 
helium-saturated oil which displaced part of the mobile 
gas phase, resulting in the establishment of a certain 
residual gas saturation at which the gas became discon- 
tinuous and unable to move. The value of this residual, 
“trapped” gas saturation was determined by volumetric 
balance, and the water flood was then initiated. 


At the termination of each flooding test the cores 
were depressured and cleaned by flushing with about 
10 pore volumes of acetone, driving with dry nitrogen 
and finally evacuating for a period of about 24 hours 
to remove all traces of volatile material. 

Each waterflood test was performed at a constant 
rate of water injection. This rate was chosen sufficiently 
high so as to eliminate capillary end effects and to 
insure stabilized flooding behavior representative of 
field performance.’ 


RESULTS AND DISCUSSION 


The results of this investigation are based on a total 
of 44 flooding tests of which 14 were conducted in 
the presence of an initially mobile gas phase, 16 were 
conducted in the presence of a trapped gas phase, and 
14 were reference floods performed in the absence of 
gas. A summary of the pertinent data is presented in 
Table 2. 


GENERAL ANALYSIS OF FLUID DISPLACEMENTS 


The flooding behavior observed in all tests conducted 
in the presence of an initially trapped gas phase is il- 
lustrated by the data shown in Fig. 1. As may be seen, 
the gas saturation of the core remains constant, and 
only oil, then subsequently both oil and water are pro- 
duced during the flood. Thus a water flood conducted 
in the presence of a trapped gas phase corresponds 
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in reality to a two-phase, water-oil displacement evolv- 
ing in that portion of the pore space which is not oc- 
cupied by the gas phase. 

In all of the flooding tests conducted in the pres- 
ence of an initially mobile gas phase the production 
history was found to follow the same pattern which is 
illustrated by the curves of Fig. 2. At the beginning 
of the flood only free gas was produced. Subsequently, 
all gas production ceased (cf. line 00’, Fig. 2) and 
only oil appeared in the effluent. After water break- 
through, indicated by the line WW’, oil and increas- 


ing amounts of water were produced simultaneously 
until the flood was terminated. 

The above described type of production history in- 
dicates that the displacement of oil by water from a 
porous medium containing a continuous mobile gas 
phase results in the formation of two distinct fluid satu- 
ration profiles, namely an oil bank followed by a water 
bank, moving in sequence throughout the flow system, 
as schematically illustrated in Fig. 3. The oil bank, 
formed upon the injection of water, displaces part of 


the initial mobile gas phase, leaving behind a certain 


amount of residual gas. This residual gas is no longer 


TABLE 2—SUMMARY OF FLOODING DATA 


Sg Initial So, % of P.V. ASo, % of P.V. Sy Final 
Run No, Core No, Mp/My ‘Type of Flood £ of P.V. of P.V. tial Zof Tt of 
1 T640 1.3 Ref. 22.7 0 77.3 29.6 29.6 29.6 70.4 
2 T6L0 1.3 Ref. 26.0 74.0 28.7 28.7 28.7 0 71.3 
3 1.3 MO 2h.5 10.0 65.5 24.8 24.8 24.8 9.7 hob koh 65.5 
4 T6L0 1.3 TG 2h.2 1.6 64.2 21.4 21.4 21.b 1.6 7.8 7.8 7.8 67.0 
5 1.3 70 26.0 “Ish 9.8 9.8 9.8 61.6 
6 760 1.3 MG 25.7 21.4 52.9 21.1 21,1 21.1 19.5 8.1 8.1 8.1 592k 
T6L0 1.3 Mo 25.9 44.8 29.3 13.6 13.6 13.6 15.6 15.6 15.6 61.5 
8 T6LO 1.3 Ta 25.1 27.1 47.8 16.7 16.7 16.7 27.1 12.5 12.5 12.5 56.2 
9 107 Ref. 25.0 75.0 55.6 16.5 42.6 0 0 0 58.4 
10 T640 107 TG 26.0 10.2 63.8 45.8 39.6 37.7 10.2 9.8 6.9 3.9 52.1 
un T640 107 TG 25.9 10.8 63.3 45.1 40.3 37.4 10.8 10.5 6.2 4.2 51.8 
12 T6h0 107 MG 25.6 29.5 44.9 40.8 37-1 35.6 14.0 14.8 Ih 5.0 50.4 
13 1375 1.3 Ref. 21.9 78.1 28.8 28.8 28.8 T.2 
wy ™%375 1.3 Ref. 22.6 77.4 29.1 29.1 29.1 0 10.9 
1s 7375 1.3 Buc} 22.6 1.8 65.6 22.3 22.3 22.3 11.8 6.7 6.7 6.7 6509 
16 7375 153 Ma 22.7 18.2 59.1 2h. 2h. 24.1 13.9 4.9 4.9 4.9 62.0 
17 1375 1.3 7G 22.6 20.5 56.9 19.0 19.0 19.0 20.5 10.0 10.0 10.0 60.5 
18 7375 107 Ref. 75.6 54.0 45.7 40.2 0) 59.8 
1375 107 NG 26.6 49.0 40.5 3764 35.7 14.5 13.5 8.3 4.5 49.8 
20 1375 107 Ta 25.7 15.4 58.9 40.7 37.1 35. 15.4 13.3 8.6 4.8 49.2 
21 1.55 Ref. 15.4 84.6 25.3 25.3 25.3 0 
22 ALI 55 MG 14.6 43.8 41.6 17.0 17.0 17.0 19.2 8.3 8.3 8.3 63.8 
23 ALLY 1.55 Mo 14.6 22.8 62.6 19.5 19.5 19.5 12.2 5.8 5.8 5.8 68.3 
2h R146 153 Ref. 21.0 0) 79.0 36.5 32.4 67.6 
25 R146 1.3 MO 19.9 15.7 6he4 37.5 32.3 27.6 10.0 4.9 4.2 4.8 62.4 
26 R146 ale) va 20.0 2h.2 55.8 35.3 27.9 2h.2 15.9 Tel 8.6 8.2 59.9 
27 B279 1.3 Ref. 26.0 7.0 36.7 3667 36.7 63.3 
28 B279 1.3 MG 25.4 29.2 45. 28.4 28.4 26.4 18.0 8.3 8.3 8.3 53.6 
29 DFA87 1.55 Rof. 100 4h.6 39.0 31.8 0 68.2 
30 DFA87 1.55 Ref. 0) 100 39.0 32.0 0 68.0 
31 DFA87 1.55 MG ) 19.7 80.3 39.8 35.6 32.0 14.9 4.9 34 -0.1 53.1 
32 DFA87 1.55 TO to) 15.0 85.0 38.1 35.5 32.2 15.0 6.6 Sep: 0.3 52.8 
33 DFA87 1.55 MG ° 32.8 67.2 37.6 34.5 31.5 18.4 Tol 4.5 Ok 50.1 
34 DFA87 1.55 19.6 80.4 36.4 33.6 31.9 19.6 8.3 Soh 48.5 
35 DFA87 1.55 MG () 46.7 53.3 36.6 33-4 32.1 21.5 8.1 5.6 -0.2 46.5 
36 DFA87 2h. Ref. 0 100 82.5 65.0 55.5 
37 DFA87 TG 8.2 91.8 57.7 49.0 8.2 8.0 73 6.5 42.8 
38 DFA87 2h TG () 10.9 89.1 73.0 56.2 48.0 10.9 9.5 8.8 7.5 41.1 
39 DFA87 2h. Ta n.9 88.1 7049 53.5 46.2 n.9 22.5 9.3 41.9 
ho DFA87 TG 13.0 87.0 68.8 52.9 43.1 13.0 12.4 43.9 
DFA88 1.55 Ref. 100 40.9 32.4 0 67.6 
k2 DFA88 1.55 TG ° 16.0 84.0 39.0 36.8 32.1 16.0 5.9 4.2 0.3 51.9 
43 DFA88 Ref. 0 0 100 85.4 69.8 58.5 0 0 41.5 
Ly DFA88 TG n.3 88.7 75.0 59-5 50.2 n.3 10.4 10.3 8.3 38.5 
Flood 4n Presence of Trapped Oas Sp O41 Saturation 
MG - Flood in Presence of Initially Mobile Gas 
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free to move and should be considered “trapped”, i.e., 
distributed in the form of discontinuous bubbles or 
filaments throughout the pore space. The oii filling up 
the pore space around the trapped gas is then displaced 
in turn by the advancing water bank. 


As gas production ceased in all tests when oil first 
appeared in the effluent, the obvious conclusion is that 
a sharp saturation front exists between the oil bank and 
the mobile gas. The existence of this “piston-like” front 
can be expected under all circumstances because of the 
low viscosity ratio of displaced to displacing fluid, and 
also because the displaced gas will always assume the 
role of the non-wetting fluid. 


It will be noted that the sharpness of the water bank 
is likely to be much less pronounced than that of the 
oil bank, and that the water-oil saturation profile can 
assume different shapes according to the core material 
and the oil to water viscosity ratio. However, the build- 
up of two successive saturation banks (cf. Fig. 3) can 
be anticipated under all circumstances and is consid- 
ered to be a basic feature of the mechanism of water 
flooding in presence of a mobile gas phase. 


RELATIONSHIP BETWEEN MOBILE AND 
TRAPPED Gas SATURATIONS 


Additional information concerning the nature of the 
waterflood mechanism in the presence of a mobile 
gas phase may be obtained from analysis of the data 
pertaining to the displacement of the free gas. Correla- 
tions between initial mobile gas saturations and the cor- 
responding residual trapped gas saturations are shown 
in Fig. 4 for Torpedo sandstone and dri-filmed Alun- 
dum. Soltrol “C” was the oil phase used in both cases. 
The dark symbols correspond to the runs in which gas 
was displaced by oil flooding and the light symbols de- 
note runs in which the gas displacement resulted from 
water flooding in the presence of an initially mobile 
gas phase. It is seen that the data points for each core 
material yield a single correlation, regardless as to 
whether the porous medium containing originally mo- 
bile gas and oil is subjected to water or to oil injec- 
tion. This finding confirms that water flooding in the 
presence of a mobile gas phase results in the establish- 
ment of an oil bank ahead of the injected water, and 
that it is this oil bank which displaces a portion of the 
gas phase and traps the remainder. 
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In general the relationship between trapped and mo- 
bile gas was found to depend upon the core material 
and the type of oil used. For a given core material and 
initial mobile gas saturation, the amount of gas trapped 
by the light oil was always greater than that trapped 
by the more viscous oils. 


RELATIONSHIP BETWEEN RESIDUAL OIL 
AND TRAPPED GAS SATURATIONS 

In all the water floods conducted in the presence of 
a gas phase, the oil saturations attained at successive 
flooding stages were found to be lower than those ob- 
served for the reference floods performed in the absence 
of gas. Correlations of the data obtained with water- 
wet (Torpedo sandstone) and oil-wet (dri-filmed Alun- 
dum) cores are shown in Figs. 5 and 6, respectively. In 
these figures the oil saturations obtained at three flood- 
ing stages, namely at water breakthrough, after injec- 
tion of one pore volume of water and after injection 
of three pore volumes, are plotted as functions of the 
trapped gas saturations present in the cores during the 
flooding tests. The dark symbols are representative of 
the floods performed in the presence of an initially 
trapped gas phase while the light symbols correspond to 
tests in which the gas was initially mobile and became 
trapped during the progress of the flood. 

A single line is presented in Frg. 5 for correlation of 
the results pertaining to the flooding of the light oil 
(Soltrol C) from Torpedo sandstone, because in this 
strongly water-wet material the displacement of low vis- 
cosity oil is almost piston-like. Thus, in this case, con- 
sideration of a single stage, the amount of water break- 
through, is sufficient to define the flooding behavior. A 
similar piston-like displacement of low viscosity oil was 
also observed in the Berea and untreated Alundum 
cores. However, with increasing oil viscosities, and in 
the less water-wet or the preferentially oil-wet media, the 
sharpness of the water bank became less pronounced, 
resulting in increasing amounts of oil production after 
water breakthrough. 

The results presented in Figs. 5 and 6 clearly indi- 
cate that there is a definite relationship between the 
trapped gas saturation and the oil saturation attainable 
at a given flooding stage. For each core material and 
oil viscosity, all the data points corresponding to a 
given flooding stage lie on the same correlating line 
whether the gas phase is trapped prior to or during 
the water flood. This finding corroborates the mech- 
anism illustrated in Fig. 3, which indicates that any re- 
duction in residual oil saturation below that observed 
in the absence of gas should be attributed to the amount 
of trapped gas which exists at the advancing water 
bank. 

For purposes of discussion and evaluation it is con- 
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venient to introduce the concept of gas “effectiveness”. 
The “effectiveness” of the gas phase can be defined as 
the ratio of the reduction in oil saturation at a given 
flooding stage (below that obtained in the reference 
flood at the same stage) to the trapped gas saturation 
causing this reduction. For example, referring to Fig. 
5, it is seen that for the case of a 116 cp oil in Tor- 
pedo sandstone material, the presence of 10 per cent 
of PV trapped gas yields an oil saturation of about 40 
per cent of PV after injection of one pore volume of 
water, as compared to an oil saturation of 46 per cent 
of PV obtained in the absence of gas. Thus, the pres- 
ence of 10 per cent of PV trapped gas has caused a de- 
creased in oil saturation of 6 per cent of PV, and the 
“effectiveness” of the trapped gas at this particular 
flooding stage is 60 per cent. Similar evaluations for 
this system show the effectiveness of the gas to be 
about 100 per cent at water breakthrough and 35 per 
cent after injection of three pore volumes of water. A 
general summary of the values of gas effectiveness for 
the different core materials and fluids tested is presented 
in Table 3. 


Examination of the values of gas effectiveness cor- 
responding to the water flooding of light oil (cf. Table 
3, also Figs. 5 and 6) suggests that the presence of 
a gas phase causes a decrease in the ultimate residual 
oil saturation in water-wet media, but that the gas has 
no effect on the ultimate residual oil in oil-wet media.* 
The reason for this dissimilar behavior may lie in the 
micro-configurations of the respective residual oil satu- 
rations. In water-wet materials it is believed that the 
ultimate residual oil is trapped by water and that the 
gas-phase, which is in turn trapped within the oil, oc- 
cupies a portion of the pore space which in the ab- 
sence of gas would be occupied by oil. On the other 
hand, in the oil-wet material tested (in the absence of 
connate water) the ultimate residual oil is believed to 
be in the form of pendular rings around the contact 


*Experimental evidence is not available to indicate the effect of 
free gas on the ultimate residuals for floeds in which a viscous oil 
was used. Because of the large volumes of water and length of time 
required, it was impractical to continue these floods until oil produc- 
tion ceased. 
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points of the rock grains. This configuration should re- 
sult whether the surrounding pore space is filled by gas 
or by water. Thus, in this oil-wet material, when the 
ultimate residual oil saturation is attained, the gas phase 
simply occupies space which in the absence of gas 
would be occupied by water. 


RELATIONSHIP BETWEEN RESIDUAL OIL AND 
IniT14L Gas SATURATIONS 


For purposes of analysis the experimental results 
have been presented thus far in the form of correlations 
between residual oil and trapped gas saturations. Since 
in turn, for each core material and fluid system, the 
trapped gas was found to be a unique function of the 
initial mobile gas saturation, the residual oil saturations 
can also be directly correlated with—or determined as 
a function of—the mobile gas saturations existing at 
the initiation of the water flood. Such type of correla- 
tion which is of considerable practical interest is shown 
in Fig. 7. Presented in this figure are the relations be- 
tween oil saturations attainable after injection of one 


TABLE 3 
SUMMARY _OF GAS EFFECTIVENESS VALUES 


TRAPPED GAS EFFECTIVENESS, % 
CORE OIL 


MATERIAL WETTABILITY ViSCOSITY,cp, WET AT RV. AT 3 PV. 
WATER - WET 100 “60 35 
OIL-WET 22 100 98 80 
WATER-WET 1.4 45 45 45 
MESTONE WATER-WET 1.4 48 48 48 
SANDSTONE WATER-WET 1.4 46 46 
WATER - WET 1.4 50 50 
OIL-WET 1.4 40 10) 
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pore volume of water and initial mobile gas saturations, 
for the Torpedo, Redwater and dri-filmed Alundum 
core materials. 

In all cases the residual oil saturations attainable 
after one pore volume water injection are seen to de- 
crease quite rapidly as the initial mobile gas saturation 
increases from 0 to 15 per cent of pore volume. With 
further increases in initial gas saturation the corres- 
ponding reductions in residual oil saturation become 
less pronounced. This is primarily due to the fact that 
the fraction of the mobile gas phase which is displaced 
during the water flood, and hence does not contribute 
to the lowering of the residual oil saturation, increases 
with increasing initial gas saturations (as may be seen 
from Fig. 4). A result of practical interest is that the 
presence of 15 per cent of pore volume free gas at the 
initiation of a water flood, a situation frequently en- 
countered in fields to be waterflooded after primary 
production, can cause the residual oil saturation to 
be lowered by 3 to 7 per cent of pore volume in the 
case of a light oil, and by 8 to 10 per cent of pore 
volume in the case of viscous oils. 


EFFECTIVENESS OF THE Gas PHASE 
UNDER PRACTICAL CONDITIONS 

In practice, waterflood operations are seldom carried 
beyond a total water injection of one to two pore 
volumes. Therefore, (while the observed effects of free 
gas on ultimate residual oil saturations may serve to 
round out the picture of the three-phase flooding mech- 
anism) the results of practical interest are those per- 
taining to the effects of the gas phase during the early 
flooding stages. The values of gas effectiveness observed 
after injection of one pore volume of water are be- 
lieved to provide a good illustration of the results at- 
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tainable under field conditions. These values are listed 
in the shaded column of Table 3. 

The practical significance of the effectiveness of the 
gas is that it represents a direct measure of the addi- 
tional oil recovery over that which would be obtained 
in a flood where the gas phase is dissipated by com- 
pression and solution. The values of gas effectiveness 
then express this additional oil recovery as a fraction 
or per cent of the amount of gas that remains in the 
porous medium during the flooding operation. From the 
summary of data on the effectiveness of the gas phase 
after injection of one pore volume of water, it is ap- 
parent that the presence of free gas should have a bene- 
ficial effect on oil recovery by water flooding in most 
practical cases. It is also of interest to notice that the 
effectiveness of the gas appears to be greatest in the 
flooding of viscous oils. 

In regard to applications of the concept of gas ef- 
fectiveness, it is pointed out that: 

1. For depleted reservoirs, use of the values of gas 
effectiveness presented in this paper implies gas re- 
pressuring prior to water flooding. It is furthermore as- 
sumed that the pressure level attained is sufficient to 
render the effects of gas compressibility and solubility 
negligible. The amount of additional oil recovery indi- 
cated by the values of gas effectiveness, then, is over 
and above that obtained by primary depletion followed 
by water flooding without repressuring. 

2. The values of gas effectiveness may also be used 
to evaluate additional oil recovery attainable by drop- 
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ping the pressure below the bubble point and creating 
a gas phase in high pressure reservoirs subjected to 
natural water drive or water flooding. 

3. The values of gas effectiveness represent a meas- 
are of additional oil recovery in reservoir volumes, De- 
termination of the additional oil recovery at stock tank 
conditions requires corrective evaluations accounting 


for the shrinkage or expansion of the oil at various op- 
erating stages. 


4. In the case of water floods conducted after pri- 
mary depletion and repressuring, the oil expansion and 
decrease in oil viscosity associated with the gas repres- 
suring cause additional oil recoveries to be greater than 
indicated by the values of gas effectiveness. On the 
other hand, in the case of natural water drives, the 


shrinkage of the oil and increase in oil viscosity as- 
sociated with the pressure decline required to create 


(or increase) the free gas phase, tend to counteract 
the beneficial effects caused by the presence of the gas. 


EVALUATION OF WATERFLOOD BEHAVIOR IN THE 
PRESENCE OF FREE GAS FROM SHORT CorE TESTS 

The performance of water floods in the presence of 
a mobile gas phase requires accurate measurements on 
three-phase flow systems. For short cores such meas- 
urements must be extremely precise because of the 
small quantities of fluids involved. However, in the light 
of the results of these studies, a less delicate experi- 
mental procedure can be employed. Such a procedure 
would consist of establishing first a trapned gas satura- 
tion by means of an oil flood, and then conducting a 
water flood in presence of this trapped gas. This ap- 
‘proach, which eliminates the necessity of measuring 
three-phase production during a flooding test, permits 
the use of less complex equipment and is likely to yield 
more precise results on small core samples. 

In order to check the validity of the data obtainable 
by means of the above procedure, water floods have 
been performed on a 2-in. dri-filmed Alundum core in 
the presence of an initially trapped gas phase. These 
floods correspond to Runs 41 through 44 in Table 2. 
The ratio of trapped to mobile gas, and the values of 
gas effectiveness determined with this short core were 
found to be in good agreement with the corresponding 
results obtained with the 12-in. dri-filmed Alundum 
core (Runs 31, 32, 38, and 39). These findings illus- 
trate the feasibility of utilizing short core tests to de- 
termine the effect of free gas on waterflood behavior. 

The proposed experimental procedure for short cores 
consists of conducting in succession two series of two- 
phase displacement tests resulting in two distinct sets of 
data: the relationship between mobile and trapped gas 
saturations on one hand (cf. Fig. 4), and the relation- 
ship between trapped gas saturation and residual oil 
saturation, on the cther (cf. Figs. 5 and 6). Combina- 
tion of these two relationships then allows correlation 
of the residual oil saturation with the mobile gas satura- 
tion existing at the initiation of the water flood, as il- 
lustrated by the curves of Fig. 7. 
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CONCLUSIONS 


The present studies lead to the following conclusions: 

1. The injection of water in a partly gas-saturated 
porous medium results in the formation of an oil bank 
which displaces part of the initial free gas phase, leav- 
ing behind a certain residual, trapped gas saturation. 
The oil filling up the pore space around this trapped 
gas saturation is then displaced in turn by the advancing — 
water. 

2. The residual oil saturations obtained by water 
flooding in the presence of a gas phase are appreciably 
lower than those obtained in the absence of gas. These 
reductions in residual saturation represent a measure 
of additional oil recovery over that obtained in a water 
flood where the gas phase is allowed to dissipate by 
compression and solution. 

3. For a given porous medium and fluid system, 
there is a unique relationship between (a) the trapped 
gas saturation and the initial mobile gas saturation; (b) 
the oil saturation attainable at any one flooding stage 
and the trapped gas saturation existing in the porous 
medium during the flood; and (c) the oil saturation at- 
tainable at any one flooding stage and the initial mobile 
gas saturation. This latter relationship may be deter- 
mined either by direct experimentation or by combina- 
tion of the above relationships (a) and (b). 

4. The use of simplified procedures in flooding tests 
on short core samples to evaluate the reduction in 
residual oil caused by the presence of a gas phase 
has been justified. : 

5. The results obtained in the present experimental 
studies are representative of the situation where the 
effects of gas compressibility and solubility are negli- 
gible. Practical applications to field conditions of the 
type of data described in these studies usually require 
corrective evaluations to account for the solubility and 
compressibility of the gas phase. 
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FLOW of UNDERGROUND FLUIDS 
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A 


In 1856 Henry Darcy described in an appendix to his 
book, Les Fontaines Publiques de la Ville de Dijon, 
a series of experiments on the downward flow of water 
through filter sands, whereby it was established that 
the rate of flow is given by the equation: 

in which q is the volume of water crossing unit area in 
unit time, 1 is the thickness of the sand, h, and h, 
the heights above a reference level of the water in 
manometers terminated above and below the sand, re- 
spectively, and K a factor of proportionality. 

This relationship, appropriately, soon became known 
as Darcy’s law. Subsequently many separate attempts 
have been made to give Darcy’s empirical expression 
a more general physical formulation, with the resuit 
that so many mutually inconsistent expressions of what 
is purported to be Darcy’s law have appeared in pub- 
lished literature that sight has often been lost of 
Darcy’s own work and of its significance. 

In the present paper, therefore, it shall be our pur- 
pose to reinform ourselves upon what Darcy himself 
did, and then to determine the meaning of his results 
when expressed explicitly in terms of the pertinent 
physical variables involved. This will be done first by 
the empirical method used by Darcy himself, and then 


Manuscript received in Petroleum Branch office on Sept. 12, 1956. 
Paper prepared for presentation before Darcy Centennial Hydrology 
Symposium of the International Association of Hydrology held in 
Dijon, France, Sept. 20-26, 1956, and for dual publication as part 
of the Dijon Symposium and in the Darcy Centennial Issue of 
Journal of Petrolewm Technology. 

Discussion of this paper is invited. Discussion in writing (3 
copies) may be sent to the office of the Journal of Petroleum 
Technology. Any discussion offered after Dec. 31, 1956, should be 
in the form of a new paper. 
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by direct derivation from the Navier-Stokes equation 
of motion of viscous fluids. We find in this manner 
that: 

q = (Nd’) (p/m) lg — (1/p) grad p] = of, 


is a physical expression for Darcy’s law, which is valid 
for liquids generally, and for gases at pressures higher 
than about 20 atmospheres. Here N is a shape factor 
and d a characteristic length of the pore structure of 
the solid, p and uw are the density and viscosity of the 
fluid, o = (Nd’)(p/u) is the volume conductivity of 
the system, and K = [g — (1/p) grad p] is the impell- 
ing force per unit mass acting upon the fluid. It is 
found also that Darcy’s law is valid only for flow 
velocities such that the inertial forces are negligible as 
compared with those arising from viscosity. 

In general, three-dimensional space there exist two 
superposed physical fields: a field of force of character- 
istic vector E, and a field of flow of vector q. The force 
field is more general than the flow field since it has 
values in all space capable of being occupied by the 
fluid. 

So long as the fluid density is constant or is @ func- 
tion of the pressure only, 


curl E = 0, E = — grad ® 
where 
|2. 
p 


The field of flow, independently of the force field, 
must satisfy the conservation of mass, leading to the 
equation of continuity 


div pq = — f Op/et, 


where f is the porosity, and t is the time. For steady 
motion 0p/ot = 0, and 


div pg=0. 
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If the fluid is also of constant density, 
div q=0. 
The two fields are linked together by Darcy’s law, 
= oE, 

which is physically analogous to Ohm’s law in elec- 
tricity. 

Then, when E = — grad ®, 

q = — ograd®. 


By means of the foregoing equations the flow of both 
homogeneous and heterogeneous fluids through porous 
solids becomes amenable to the same kind of analytical 
treatment as is already familiar in electrical and ther- 
mal conduction. 


The relation of Darcy’s work to the development of | 


a valid theory of the flow of fluids through porous 
solids is somewhat analogous to that of Faraday to the 
Maxwellian equations of electromagnetism. It forms a 
solid experimental foundation for such a field theory, 
and the errors attributed by various recent authors to 
Darcy appear upon closer inspection to have been those 
committed by the authors themselves. 


PN TROD UCT LON 


In Paris in the year 1856 there was published by 
Victor Dalmont as a part of the Libraire des Corps 
Impériaux des Ponts et Chaussées et des Mines a mono- 
graph by the French engineer Henry Darcy,’ Inspector 
General of Bridges and Roads, bearing the title: 


= “TES 
FONTAINES PUBLIQUES 
DE LA VILLE DE DIJON 
Exposition et Application 
DES PRINCIPES A SUIVRE ET DES 
FORMULES A EMPLOYER 
Dans les Questions 
de 
DISTRIBUTION D’EAU 
Ouvrage Terminé 
Par un Appendice Relatif aux Fournitures 
d’Eau de Plusieurs Villes 
AU FILTRAGE DES EAUX 
et 
A la Fabrication des Tuyaux de Fonte, 
de Plomb, de Tole et de Bitume.” 


For several years previously M. Henry Darcy had 
been engaged in modernizing and enlarging the pub- 
lic water works of the town of Dijon, and this treatise, 
comprising a 647-page volume of text and an accom- 
panying Atlas of illustrations, constitutes an engineer- 
ing report on that enterprise. 

The item of present interest represents only a detail 
of the general work and appears in an appendix on 
pages 590 to 594 under the heading “Determination of 
the Law of Flow of Water Through Sand,” and per- 
tains to a problem encountered by Darcy in designing 
a suitable filter for the system. Darcy needed to know 
how large a filter would be required for a given quan- 
tity of water per day and, unable to find the desired 
information in the published literature, he proceeded 
to obtain it experimentally. 


A drawing of the apparatus used is given as Fig. 3 
in the Atlas and is here reproduced in facsimile as Fig. 


1References given at end of paper. 
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Fic. 1—FAcCSIMILE OF Darcy’s’ ILLUSTRATION OF His 
EXPERIMENTAL APPARATUS. (FROM Les Fontaines Pub- 
liques de la Ville de Dijon, Atlas, Fic. 3). 


1. This consisted of a vertical iron pipe, 0.35 m in 
diameter and 3.50 m in length (the figure shows 3.50 m 
but the text says 2.50), flanged at both ends. At a 
height of 0.20 m above the base of the column, there 
was placed a horizontal screen supported by an iron 
grillwork upon which rested a column, a meter or so 
in length, of loose sand. Water could be admitted into 
the system by means of a pipe, tapped into the column 
near its top, from the building water supply, and could 
be discharged through a faucet from the open cham- 
ber near its bottom. The faucet discharged into a meas- 
uring tank 1 m square and 0.50 m deep, and the flow 
rate could be controlled by means of adjustable valves 
in both the inlet pipe and the outlet faucet. 

For measuring the pressures mercury manometers 
were used, one tapped into each of the open chambers 
above and below the sand column. The unit of pres- 
sure employed was the meter of water and all man- 
ometer readings were reported in meters of water meas- 
ured above the bottom of the sand which was taken as 
an elevation datum. The observations of the mercury 
manometers were accordingly expressed directly in terms 
of the heights of the water columns of equivalent water 
manometers above a standard datum. 

The experiments comprised several series of obser- 
vations made between Oct. 29 and Nov. 2, 1855, and 
some additional experiments made during Feb. 17 to 
18, 1856. For each series the system was charged with 
a different sand and completely filled with water. 
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By adjustment of the inlet and outlet valves the water 
was made to flow downward through the sand at a 
series of successively increasing rates. For each rate a 
reading of the manometers was taken and recorded as a 
pressure difference in meters of water above the bottom 
of the sand. The results of two of these series, using 
different sands, are shown graphically in Fig. 2. In 
each instance it will be seen that the total rate of dis- 
charge increases linearly with the drop in head across 
the sand of the two equivalent water manometerts. 


Darcy’s own summary of the results of his experi- 
ments is given in the following passage (p. 594): 

“Ainsi, en appelant e l’épaisseur de la couche 
de sable, s sa superficie, P la pression atmosphér- 
ique, h la hauteur de l’eau sur cette couche, on 
aura P + h pour la pression a laquelle sera soumise 
la base supérieure; soient, de plus, P + h, la pres- 
sion supportée par la surface inférieure, k un coef- 
ficient dépendant de la perméabilité de la couche, q 
le volume débité, on a 


hil 
e 
qui se réduit a 
q=k 
e 
quand h, = 0, ou lorsque la pression sous le filtre est 


égale a la pression atmosphérique. 


“Tl est facile de déterminer la loi de décroissance 
de la hauteur d’eau / sur le filtre; en effet, soit 
dh la quantité dont cette hauteur s’abaisse pen- 
dant un temps dt, sa vitesse d’abaissement sera 


— ; mais ]’équation ci-dessus donne encore pour 


dt 
cette vitesse l’expression 
k 
(h 
e 


“On aura donc 
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Fic. 2—-GRAPHS COMPILED FROM Darcy's TABULAR 
DaTA ON His EXPERIMENTS OF Oct. 29 To Nov. 2, 
1855, AND OF Fes. 17-18, 1856, SHowING LINEAR RE- 
LATION BETWEEN FLOW RATE AND DIFFERENCES IN 
HEIGHTS OF EQUIVALENT WATER MANOMETERS. 


dh k dh k 


et 


k 


[J is the logarithm to the base e.] 
“Si la valeur h, correspond au temps f¢, et A a un 
temps quelconque ¢, il viendra 


k 
“Si on remplace maintenant he) et ho par 
qe 
et il viendra 
k 


et les deux équations (1) et (2) donnent, soit la loi 
d’abaissement de Ja hauteur sur le filtre, soit la loi 
de variation des volumes débités A partir du 
temps 

“Si k et e étaient inconnus, on voit qu’il faudrait 
deux expériences préliminaires pour faire disparaitre 


> 


k 
de la seconde le rapport inconnu S bs 


Translating Darcy’s statements into the notation 
which will subsequently be used in the present paper, 
what Darcy found and stated was that, when water 
flows vertically downward through a sand, the volume 
of water Q passing through the system in unit time is 
given by 


and the volume crossing unit area in unit time by 
Q/A 
(2) 


where K is a factor of proportionality, A the area of 
cross section and / the thickness of the sand, and h, and 
h, the heights above a standard reference elevation of 
water in equivalent water manometers terminated above 
and below the sand, respectively. 

Writing Eq. 2 in differential form gives 

Soon after the publication of Darcy’s account of these 
experiments, the relationship expressed by Eqs. 1 to 3 
became known, appropriately, as Darcy’s law. 

It has subsequently come to be universally acknowl- 
edged that Darcy’s law plays the same role in the theory 
of the conduction of fluids through porous solids as 
Ohm’s law in the conduction of electricity, or of Four- 
ier’s law in the conduction of heat. On the other hand, 
Darcy’s own statement of the law was in an empirical 
form which conveys no insight into the physics of the 
phenomenon. Consequently, during the succeeding cen- 
tury many separate attempts were made to give the 
statement of the law a more general and physically sat- 
isfactory form, with the result that there appeared in 
the technical literature a great variety of expressions, 
many mutually contradictory, but all credited directly 
or indirectly to Henry Darcy. 

It has accordingly become recently the fashion, when 
some of these expressions have been found to be 
physically untenable, to attribute the error to Darcy 
himself. In fact one recent author, in discussing a sup- 
posed statement of Darcy’s law which is valid for hori- 
zontal flow only, has gone so far as to explain that 
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Fic. 3—APPARATUS FOR VERIFYING Darcy’s LAW-FOR 
FLOW IN VARIOUS DIRECTIONS. 


Darcy was led to the commission of this error by re- 
stricting his experiments to flow in a horizontal direc- 
tion. 


On this centennial occasion of Darcy’s original pub- 
lication, it would appear to be fitting, therefore, in- 
stead of merely paying our respects to Darcy in the 
form of an empty homage, that we first establish un- 
equivocally what Darcy himself did and said with respect 
to the relationship which bears his name; second, try 
to ascertain the generality and physical content of the 
relationship and to give it a proper physical expression; 
and third, attempt to see how this fits into a general 
field theory of the flow of fluids through porous solids 
in three-dimensional space. ; 

The first of these objectives has already been ac- 
complished; the second and third will now be given 
our attention. 


THE PHYSICAL CONTENT OF DARCY’S LAW 


As we have seen heretofore, what Darcy determined 
was that, when water flows vertically downward through 
a sand, the relation of the volume of water crossing unit 
area normal to the flow direction in unit time, to the 
thickness of the sand, and to the difference in heights 
of equivalent water manometers terminated above and 
below the sand, is given by the following equation: 
h, h, h, h, 

where K is “a coefficient depending upon the per- 
meability of the sand.” 

Questions immediately arise regarding the generality 
of this result. Would it still be true if the water flowed 
upward through the sand? or horizontally? What changes 
would be effected in the relationship if some different 
liquid characterized by a different density and viscosity 
were used? In what manner does K depend upon the 
permeability of the sand, or upon its measurable sta- 
tistical parameters such as coarseness and shape? And 
finally, what physical expression can be found which 
properly embodies all of these variables? 

The answer to most of these questions can be de- 
termined empirically by an extension of Darcy’s original 
experiment. If, for example, we construct an apparatus 
such as that shown in Fig. 3, consisting of a movable 
cylinder with a rigid sand pack into which two man- 


ofg=—K (2) 
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ometers, at an axial distance / apart, are connected by | 
flexible rubber tubing, we can determine the validity 
of Darcy’s law with respect to the direction of flow. 
With the apparatus vertical and the flow downward at 
a total rate Q, the manometer difference h, — h, will 
have some fixed value Ah. Now, keeping Q constant 
and inverting the column so that the flow will be ver- 
tically upward, it will be found that Ah also remains 
constant. Next, setting the column horizontal, Ah still” 
remains constant. In this manner we easily establish 
that Darcy’s law is invariant with respect to the direc- 
tion of the flow in the earth’s gravity field, and that for 
a given Ah the flow rate O remains constant whether 
the flow be in the direction of gravity or opposed to it, 
or in any other direction in three-dimensional space. 

This leads immediately to a generalization for flow 
in three-dimensional space. At each point in such space 
there must exist a particular value of a scalar quantity 
h, defined as the height above a standard elevation 
datum of the water column in a manometer terminated 
at the given point. The ensemble of such values then 
gives rise to a scalar field in the quantity h with its at- 
tendant family of surfaces, h = constant. In such a 
scalar field water will flow in the direction perpen- 
dicular to the surfaces, h = constant, and at a rate 
given by 


Continuing our empirical experimentation, we find 
that when we change either of the fluid properties, den- 
sity or viscosity, or the geometrical properties of the 
sand, Eq. 4 still remains valid but the value of K 
changes. In particular, by varying one factor at a time, 
we find 


(5 


where p is the density and yp is the viscosity of the fluid. 
Likewise, if we use a number of geometrically similar 
sands which differ only in grain size, we find that 


where d is a length such as the mean grain diameter, 
which characterizes the size scale of the pore structure 
of the sand. 

Introducing the results of Eqs. 5 and 6 into Eq. 4 
then gives 

in which K’ is a new factor of proportionality contain- 
ing all other variables not hitherto explicitly evaluated. 
This remains, however, an empirical equation devoid of 
dynamical significance since there is no obvious reason 
why the flow of a viscous fluid through a porous solid 
should be proportional to a dimensionless quantity, 
— grad h. 

This deficiency can be eliminated when we introduce 
the equation relating the manometer height h to the 
dynamical quantities, gravity and pressure. At any point 
P within the flow system, characterized by elevation z 
and manometer height h, the pressure is given by the 
hydrostatic equation 


p = pg (h— z), 
from which 


and 
— grad h = — (1/pg) grad p— gradz . (9) 
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Multiplying both sides of Eq. 9 by g then gives 

— ggradh = — (1/p) grad p — ggradz. 

With the z-axis vertical and positive upward, then 

grad z is a unit vector directed upward, so that — g grad z 

is a vector of magnitude g directed downward. Designat- 
ing this by g, Eq. 10 becomes 


—ggradh=g- (1/p) gradp,. (11) 


in which each of the terms to the right represents, both 
in direction and magnitude, the force exerted upon 
unit mass of the fluid by gravity and by the gradient of 
the fluid pressure respectively; the fluid flows in the 
direction of, and at a rate proportional to, their re- 
sultant, — g grad h. Hence the dynamical factor g has 
evidently been concealed in the original factor K and 
must still be present in the residual factor K’. Intro- 
ducing this explicitly, we may now write 


q = (Nd’)(p/u)(—g grad hh), . (12) 


in which N is a final factor of proportionality. Dimen- 
sional inspection shows that N is dimensionless, and a 
physical review indicates that no dynamical variables 
have been omitted, so that N must be related to the 
only remaining variable, namely the shape of the 
passages through which the flow occurs. Since shape 
is expressed by angular measurement and angles are 
dimensionless, [L/L], then N must be a dimensionless 
shape factor whose value is constant for systems which 
are either identically, or statistically, similar geo- 
metrically. By identical similarity is meant similarity 
in the strict Euclidean sense: all corresponding angles 
equal, and all corresponding lengths proportional. By 
statistical similarity is meant that two complex geo- 
metrical systems which may not be identically simi- 
lar on a microscopic scale are still indistinguishable as 
to shape on a macroscopic scale—for example, two 
sets of randomly packed uniform spheres. 


The term (— g grad h) can also be written in the 
form 
where gh represents the amount of work required to 
lift a unit mass of water from the standard datum of 
elevation outside the system to the height h of the water 
in the manometer. Then, since the additional work re- 
quired to transport the water down the water-filled 
tube of the manometer to its terminus is zero, it fol- 
lows that 


Fic. 4—RELATION OF Force PER UNIT Mass, E, TO 
THE PRIMARY FORCES g AND —(1/p) GRAD p; AND OF 
_ THE FLow VEcTor gq To E. 
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is a measure of the energy per unit mass, or the poten- 
tial, of the water in the system at the point at which 
the manometer is terminated. A manometer is thus seen 
to be a fluid potentiometer, the potential at every point 
being linearly related to the manometer height h by 
Eq. 14. Then, if we let E be the force per unit mass, 
or the intensity of the force field acting upon the fluid, 
we have 

E = — grad ® = — g grad h = g — (1/p) grad p, (15) 
and, by substitution into Eq. 12, Darcy’s law may be 
expressed in any of the following equivalent forms 
(Fig. 4): 


q = — (Nd’) (p/p) grad ® = oE, 

q = — (Nd’) (p/p) g gradh = olg — (1/p) grad p], 

q = — (Nad’) (p/u) g grad h = (a/p) [pg — grad p], 

where 


o = [(Nd’) (p/p)] 


is the volume conductivity of the system. In the last 
of Eqs. 16, the bracketed term 


[pg — gradp] = pE=H. ... . 
represents the force H per unit volume. 
When we compare Darcy’s law in the form: 


q = cE = — ograd®, 
with Ohm’s law: 
i=o,E.= —o. grad V, 


where i is the current density, o. the electrical con- 
ductivity, E. the electrical force-field intensity, and V 
the electrical potential, the physical as well as the 
mathematical analogy between Darcy’s law and Ohm’s 
law becomes immediately apparent. 


THE PROBLEM OF PERMEABILITY 


_ Now that we have achieved a complete physical state- 
ment of Darcy’s law, it remains for us to define what 
shall be meant by the permeability of the system. 

It will be recalled that Darcy stated that the factor 
K is “a coefficient depending upon the permeability 
of the sand.” Following this it has often been the cus- 
tom, especially among ground-water hydrologists, to 
define the permeability of a system to be synonymous 
with K. But, as we have seen, the factor K is the 
lumped parameter, 


K = (Nd’) (p/p) g, 


comprising the geometrical properties of the sand, the 
dynamical properties of the fluid, and even the accelera- 
tion of gravity. Consequently, if K is taken as a meas- 
ure of the permeability, it will be seen that the same 
sand will have different permeabilities to different 
fluids. 


During recent years there has been a convergence 
of opinion toward the conclusion that permeability 
should be a constant of the solid independently of the 
fluids involved. If we accept this view, then it is seen 
that the only property of the solid affecting the rate of 
flow is the geometrical factor, 


, 


which we may accordingly define to be its permeability. 
Then since N is dimensionless and d is a length, it fol- 
lows that the dimensions of permeability are [L”]; and 
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in any consistent system of units, the unit of permea- 
bility is the square of the unit of length. 

In practice the magnitude of this quantity, for a 
given porous solid, is determined hydrodynamically by 
flowing a liquid through the solid, and measuring all 
variables except k, and then solving Darcy’s law for k: 


pg — grad p 
which, when the vector quantities are resolved into their 
components in the flow direction s, becomes 
p8s — Op/es 


It is found in this manner that for randomly packed, 
uniform spheres of diameter d, the value of the shape- 


(18) 


factor N is approximately 6 X 10%. Then, for a pack— 


of uniform spheres of any size, the permeability will 
be approximately 


k = (6 X 10") 


If d, for different packs, is allowed to vary from about 
10° to 10° cm, corresponding to the approximate range 
of grain sizes from fine silts to coarse sands, the per- 
meability will vary from about 10 to 10° cm’, which 
is also approximately the range of the permeabilities of 
the corresponding clastic sediments. 


In view of the fact that magnitudes of permeabilities 
of rocks are remote from that of the square of any 
unit of length in common use, there is some advantage 
in having a practical unit such that most measured 
values fall within the range 1 — 10,000 practical units. 
If-such a practical unit is to fit into a consistent sys- 
tem of measurement without awkward conversion fac- 
tors, then it must also be a submultiple of the funda- 
mental unit of the form: 


1 practical unit = 10” fundamental units. 


In the cgs system with the fundamental unit the 
(centimeter)*, the optimum value of the exponent n 
would be about 12, or 


2 


1 practical unit = 10°" cm’, 


Regrettably the unit of permeability used almost 
universally in the petroleum industry, for which the 
name “darcy” has been pre-empted, was defined origin- 
ally in terms both of an incomplete statement of Darcy’s 
law:** 

and an inconsistent system of measurement. The per- 
meability k is defined to be 1 darcy when g = 1 (cm*/ 
cm’) /sec, » = 1 cp, and dp/ds = 1 atmosphere/cm. 

In the complete Darcy’s law of Eq. 18, the factor 
pg. except when the motion is horizontal, is of com- 
parable magnitude to dp/ds, and so cannot be ignored. 
Consequently, since it is not practical to measure pg. 
in atmospheres/cm, it follows that permeabilities, ex- 
pressed in darcys, cannot be used in a proper statement 
of Darcy’s law without the insertion of a numerical fac- 
tor to convert pg. from cgs units into atmospheres/cm. 

The only alternative is to convert permeabilities ex- 
pressed in darcys into the cgs unit, the cm’. For this 
conversion 

1 darcy = 0.987 X 10° cm’, 


which is within 1.3 per cent of the submultiple, 10° 


2 


cm. 
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Fic. 5—-METHOD OF DEFINING POINT VALUES OF MACRO- 
SCOPIC QUANTITIES ILLUSTRATED WITH THE Porosity f. 


Few permeability measurements are accurate to with- 
in 1.3 per cent and, when several specimens from the 
same formation are measured, the scatter is much 
greater than this. Consequently, for all ordinary com- 
putations, the approximate conversions: 


1 darcy = 10° cm’, 


are more accurate than the permeability data available; 
though if the data warrant it, the more precise conver- 
sion can of course be used. 


DERIVATION OF DARCY’S LAW FROM 
NAVIER-STOKES EQUATION 


Having thus achieved the desired generalization and 
a proper physical statement of Darcy’s law by an ex- 
tension of the empirical method which Darcy himself 
employed, let us now see if the same result can be de- 
rived directly from the fundamental equation of Navier 
and Stokes for the motion of a viscous fluid. 


MACROSCOPIC AND MICROSCOPIC SCALES 


In order to do this we must first distinguish between 
the two size scales, the macroscopic and the micro- 
scopic, on which the phenomena considered are to be 
viewed. 


The macroscopic scale, which is the one we have 
been using thus far, is a scale that is large as compared 
with the grain or pore size of the porous solid. On this 
scale the flow of a fluid through a porous solid is seen 
as a continuous phenomenon in space. However, when 
we are dealing with macroscopic quantities which have 
particular values at each point in space, but which 
may vary with position, it is necessary for us to define 
more clearly what is meant by the value of a macro- 
scopic quantity at a given point. 

This can be illustrated with the concept of porosity. 
Suppose that we are interested in the porosity at a 
particular point. About this point we take a finite 
volume element AV, which is large as compared with 
the grain or pore size of the rock. Within this volume 
element the average porosity is defined to be 


AV; 
AV’ 
where AV, is the pore volume within AV. We then 
allow AV to contract about the point P and note the 


value of f as AV diminishes. If we plot f as a function 
of AV (Fig. 5), it will approach smoothly a limiting 
value as AV diminishes until AV approaches the grain 


(20) 
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or pore size of the solid. At this stage f will begin to 
vary erratically and will ultimately attain the value of 
either 1 or 0, depending upon whether P falls within 
the void or the solid space. 

However, if we extrapolate the smooth part of the 
curve of f vs AV to its limit as AV tends to zero, we 
shall obtain an unambiguous value of f at the point 
P. We thus define the value of the porosity f at the 
point P to be 


extrap lim AV, 
AV’ 


where “extrap lim” signifies the extrapolated limit as ob- 
tained in the manner just described. 

By an analogous operation the point value of any 
other macroscopic quantity may be obtained, so that 
hereafter, when such quantities are being considered, 
their values will be understood to be defined in the 
foregoing manner, and we may state more simply: 


or 
or 
lime 
| 


where the quantity of interest is a function of a volume, 
an area, or a length, respectively. 

The microscopic scale, on the contrary, is a scale 
commensurate with the grain or pore size of the solid, 
but still large as compared with molecular dimensions 
er of the motional irregularities due to Brownian or 
molecular movements. 


MIcRoscoPic EQUATIONS OF MOTION 


Let us next consider the steady, macroscopically recti- 
linear flow of an incompressible fluid through a porous 
solid which is macroscopically homogeneous and _ iso- 
tropic with respect to porosity and permeability. We 
shall then have the fluid flowing with a constant macro- 
scopic flow rate q under a constant impelling force per 
unit of mass E, and in virtue of the isotropy of the 
system, we shall have 


where o is an unknown scalar whose value we shall seek 
to determine. 


Then, choosing x-, y-, and z-axes, 


q=ig.+jq, + kq., 

and 

qe 

qy = , (25) 

Ga 


where i, j, and k are unit vectors parallel to the x-, y-, 
and z-axes, respectively, and the subscripts signify the 
corresponding scalar components of the vectors. 
Further, there will be no loss of generality, and our 
analysis will be somewhat simplified, if we choose the 
x-axis in the macroscopic direction of flow. Then 
g=ig.;E=iE,, 
and (26) 
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Next, consider the microscopic flow through a macro- 
scopic volume element AV of sides Ax, Ay, and Az. 
The void space in such an element will be seen to be an 
intricately branching, three-dimensional network of flow 
channels, each of continuously varying cross section. A 
fluid particle passing through such a system will follow 
a continuously curving tortuous path. Moreover, the 
speed of the particle will alternately increase and de- 
crease as the cross section of the channel through which 
it flows becomes larger or smaller. Such a particle will 
accordingly be seen to be in a continuous state of accel- 
eration with the acceleration vector free to assume any 
possible direction in space. 

Consider now the forces which act upon a small vol- 
ume element dV of this fluid. By Newton’s second law 
of motion 


where dm is the mass of the fluid, a the acceleration, and 
“dF is the sum of all the forces acting upon the fluid 
contained within dV. There are many ways in which these 
forces may be resolved, but for present purposes it will 
be convenient to resolve them into a driving or impelling 
force dF, and a resistive force arising from the viscous 
resistance of the fluid element to deformation, dF,. Eq. 27 
then becomes 


By the principle of D’Alembert we may also introduce 
a force dF, = — dma, which is the inertial reaction of 


the mass dm to the acceleration a, and with this substitu- 
tion Eq. 28 becomes 


Of these forces, dF,, which is imposed from without 
and does not depend primarily upon the motion of the 
fluid, may be regarded as the independent variable. The 
forces dF, and dF, both owe their existences to the fluid 
motion, and their effect is to impede that motion. 

The relation of the separate terms of Eq. 29 to the 
externally applied forces and the fluid motion are given 
by the equation of Navier and Stokes, which in vector 
form may be written as follows: 


p(g — (1/p) grad p] dV = p (Dv/Dt) dV 


in which y is the microscopic velocity, and 
p = — (173) (ox + o, + o,) is the microscopic pressure 


at a point. The o’s are normal components of microscopic 
stress. 


The expression Dv/Dt is the total derivative with re- 


spect to time of the velocity v, and is equal to the accel- 
eration a. This can be expanded into 


Fic. 6—MuIcroscopic ViEws oF Two DYNAMICALLY 
SIMILAR FLow Systems. 
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= 


in which the term dv/dt signifying the rate of change of 
the velocity at a particular point is zero for steady motion. 
The expression V-v, in the last term of Eq. 30, is the 


divergence of the velocity; and for an incompressible fluid 
this also is zero. 


Since the flow being considered is the steady motion of 
an incompressible fluid, Eq. 30 simplifies to 


p[g — (1/p) grad p] dV = p (v-Vv) dV 

TRANSFORMATION FROM MICROSCOPIC TO 

MACROSCOPIC EQUATIONS OF MOTION 


Eq. 31 expresses the relation of the fluid velocity and 
its derivatives in a small microscopic volume element to 
the applied force dF, acting upon that element. If we 


could integrate the three terms of this equation with re-- 


spect to the volume, over the macroscopic volume AV, 
and then convert the results into equivalent macroscopic 
variables, our problem would be solved. In fact the inte- 
gration of the first two terms presents no difficulty. The 
total driving force on the fluid content of the volume AV, 
as obtained by integrating the microscopic forces dF,, is: 


Jj 4B, — (pe giad p) dV 
fAV 


where grad p is the volumetric average of the microscopic 
grad p over the fluid volume fAV. 

From the macroscopic equations, the driving force Fy 
is given by: 


pig — (1/—) grad 
Then by combining Eqs. 32 and 33, 


JS (pg — grad p) dV = (pg — grad p) fAV 
fAV 
— ig (34) 
from which it is seen that the macroscopic grad pis equal 
to the volumetric average, grad p, of the microscopic 
grad p. 
Integrating the inertial term: 


F, = dF, =p fvVvvdv 
: fAV 
=i p f (udu/ox + v du/dy 
fAV + .w2du/dz) dx dy dz 
+jp Jf (uodv/ox + v dv/dy 
fAV wodv/dz) dx dy dz 
+ kp f (udw/ox + v ow/oy 
fAV wéw/dz) dx dy dz. 
Since there is no net gain in velocity with macroscopic 
distance, each separate integral of the expanded form of 
Eq. 35 is equal to zero, and we obtain for the volume ele- 
ment AV, 


(35) 


Then, in virtue of Eq. 36, 
fAV 
Ordinarily the evaluation of 
S Vv dv 
fAV 


would require a detailed consideration of the geometry 
of the void space through which the flow occurs and of 
the flow field within that space. This difficulty can be 
circumvented, however, and the integral evaluated except 
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for a dimensionless factor of proportionality, provided — 
the flow field is kinematically similar for different rates 


of flow. 


CRITERIA OF SIMILARITY 


Consider two flow systems consisting of two geometri- 
cally similar porous solids through which two different 
fluids are flowing. The criterion of geometrical similarity 
is that if J, and J, are any corresponding lengths of the 
two systems, then for every pair of such lengths 


l/l, = 1, = const . 


The criterion of kinematic similarity is that if v, and v. 
are the velocities at corresponding points in the two sys- 
tems, the two velocities must have the same direction and 
their magnitudes the ratio 

= = Const 

Then, since the forces dF, and dF, acting upon a fluid 
element are each determined by the velocities and. the 
fluid density, or viscosity, and dF, is determined by dF, 
and dF,, if the fluid motions of the two systems are kine- 
matically similar, all corresponding forces will have the 
same directions and their magnitudes the same ratio 
(Fig. 6). 

Thus 


(dF.); (dF.)2 _ (dFa)s 
(dF.); (dF.), 
Since only two of the three forces are independent, we 


need to consider the ratios of only the first two, and, by 
reciprocation, 


dF dE. 
(40) 


(39) 


_ indicating that for each system the ratio of the inertial to 


the viscous force must be the same. 
From Eq. 31 


(Fy, (Vv), (41) 
(dF,)» = fla dV, (42) 
(dF,); (Vv): dV, 


In Eq. 41 v-Vv expands into the sum of a series of 
terms, each of the form u 0u/dx, which is a velocity 
squared divided by a length. In Eq. 42 V’v expands into a 
series of terms, each of the form 0°u/dx’, which is a veloc- 
ity divided by the square of a length. Then, since the 
ratios of all corresponding velocities and of all corre- 
sponding lengths of the two systems are constant, we may 
choose any suitable velocity and any convenient length. 
We accordingly choose for the velocity the macro- 
scopic flow rate q whose dimensions are [L* L~ TJ, or 
[LT]. For the characteristic length we choose d, which 
must be some convenient statistical length parameter of 
the microscopic geometry of the system. With these sub- 
stitutions the first two terms of Eq. 39 become 


Pr d, Ma Qs d, 
and, by reciprocation, Eq. 40 becomes 
Fe d, Pa d, 
or 
dads _ 
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The dimensionless quantity (qd) /(u/p) is the Reyn- 
olds number R of the system, which, as seen from its deri- 
vation, is a measure of the ratio of the inertial to the vis- 
cous forces of the system. Our criterion for kinematic 
similarity between the two systems thus reduces to the 
requirement that 

Now let us specialize the two systems by making 

d, = d,, P2 = — 
which is equivalent to requiring the same fluid to flow 
through the same porous solid at velocities, g, and qu. 
However, when these values are substituted into Eq. 44, 
we obtain 
G2 — 

indicating that, in general, when the same fluid flows 
through a given porous solid at two different rates, the 
resulting flow fields cannot be kinematically similar. 

However, since dF, is proportional to g’ and dF, to q, 
then as q is decreased dF, diminishes much more rapidly 
than dF. Consequently there must be some limiting value 
of g = q*, or of R = R*, at and below which the inertial 
force dF, is so much less than the viscous force dF, that 
the effect of the former is negligible as compared with the 
latter. For flow in this domain we may then write 


dF, dF, 
and the force ratios become 
(dF,), _ (dF.); 


whereby kinematical similarity is maintained for all rates 
of flow gq < q*. 


(46) 


INTEGRATION OF VISCOUS FORCES 


With this result established let us now return to the 
integration of dF, over the volume element fAV. 
S dF, VudV +if Vvdv 
fAV fAV 
fAV 
In virtue of the fact that, by our choice of axes, qg, and 
q. are both zero and there is no net flow in the y- or z- 
direction, the last two integrals to the right are both zero, 
and Eq. 47 simplifies to 
fAV fAV 
From our earlier discussion, so long as the flow remains 
kinematically similar for different rates, the quantity V°u, 
which is a velocity divided by the square of a length, is 
related to the macroscopic parameters by 


where a is a dimensionless constant of proportionality for 


the element dV but has a different value for each different 
element of volume. 2: 


Substituting Eq. 49 into Eq. 48 then gives 
f dB, = (g/d) f adv = sav, 
fAV fAV Ne 
(50) 
where 1/N is the average value of a over fAV. 
Substituting this result into Eq. 37, we obtain 
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q 
plg — (1/p) grad p] {AV = — fAV, 


or 
q = Nd’ (p/n) — (1/p) gradp], (31) 


which is the derived Darcy’s law in the same form as 
Eq. 16 deduced earlier from empirical data. 


DISCUSSION OF Darcy’s 


The direct derivation of Darcy’s law from fundamen- 
tal mechanics affords a further insight into the physics of 
the phenomena involved over what was obtainable from 
the earlier method of empirical experimentation. It has 
long been known empirically, for example, that Darcy’s 
law fails at sufficiently high rates of flow, or at a Reyn- 
olds number, based on the mean grain diameter as the 
characteristic length, of the order of R = 1.* 

At the same time one of the most common statements 
made about Darcy’s law has been that it is a special case 
of Poiseuille’s law; and most efforts at its derivation 
have been based upon various models of capillary tubes 
or of pipes. It also has been known since the classical 
studies of Osborne Reynolds’ in 1883 that Poiseuille’s 
law fails when the flow makes the transition from laminar 
to turbulent motion, so the conclusion most often reached 
as to the cause of the failure of Darcy’s law has been that 
the motion has become turbulent. 


From what we have seen, this represents a serious mis- 
interpretation and lack of understanding of Darcy’s law. 
In the Darcy flow each particle moves along a continu- 
ously curvilinear path at a continuously varying speed, 
and hence with a continuously varying acceleration; in 
the Poiseuille flow each particle moves along a rectilinear 
path at constant velocity and zero acceleration. There- 
fore, instead of Darcy’s law being a special case of Poi- 
seuille’s law, the converse is true; Poiseuille’s law is in 
fact a very special case of Darcy’s law. Another special 
case of Darcy’s law is the rectilinear flow between paral- 
lel plates. 

Consequently deductions concerning the Darcy-type 
flow made from the simpler Poiseuille flow are likely to 
be seriously misleading. The deduction that the Reynolds 
number at which Darcy’s law fails is also the one at which 
turbulence begins is a case in point. We have seen that the 
cause of the failure of Darcy’s law is the distortion that 
results in the flowlines when the velocity is great enough 
that the inertial force becomes significant. This occurs at 
a very slow creeping rate of flow which, for water, has 
the approximate value of 


q* = (1 X 10° cm*sec*) (1/d) , 


corresponding to R* = 1, when d is the mean grain 
diameter. 


Thus when d = 10° cm Darcy’s law fails at a flow rate 
q = 1 cm/sec. 

Since this represents the threshold at which the effects 
of inertial forces first become perceptible, and since tur- 
bulence is the result of inertial forces becoming predom- 
inant with respect to resistive forces, it would be inferred 
that the incidence of turbulence in the Darcy flow would 
occur at very much higher velocities or at very much 
higher Reynolds numbers than those for which linearity 
between the flow rate and the driving force ceases. That 
this is in fact the case has been verified by visual obser- 
vations of the flow of water containing a dilute suspension 
of colloidal bentonite through a transparent cell contain- 
ing cylindrical obstacles. This system, when observed in 
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polarized light, exhibits flow birefringence which is sta- 
tionary for steady laminar flow but highly oscillatory 
when the motion is turbulent. Observations of only mod- 
erate precision indicate that the incidence of turbulence 
occurs at a Reynolds number of the order of 600 or 700, 
or at a flow velocity of the order of several hundred times 
that at which Darcy’s law fails. 


EXAMINATION OF THE SHAPE-FACTOR N 


In both procedures used thus far, the factor N has 
emerged simply as a dimensionless factor of proportional- 
ity whose magnitude is a function of the statistical geo- 
metrical shape of the void space through which the flow 
occurs. For systems which are either identically or sta- 
tistically similar geometrically, N has the same value. 
Beyond this we have little idea of the manner in which 
N is related to the shape or of what its numerical magni- 
tude should be, except as may be determined by experi- 
ment. Let us now see if the value of N, at least to within 
an order of magnitude, can be determined theoretically. 


Since we have already seen in Eq. 50 that 1/N = a, 
where a is the factor of proportionality between the 
macroscopic quantity q/d° and the microscopic quantity 
V’u, it follows that in order to determine the magnitude 
of N we must first determine that of the average value of 
Vu. For this purpose, with the fluid incompressible, the 
macroscopic flow parallel to the x-axis, and the inertial 
forces negligible, only the x-component of the Navier- 
Stokes Eq. 31, 


Ou Ou 
pg p/ox (= =) (52) 
needs to be considered. When this is integrated with re- 
spect to the volume over the fluid space fAV, it becomes 


(pg: — Op/ox) FAV = 
Ou f Ou 
fAV oy fAV Oz | 


Of the three integrals to the right, the first, which rep- 
resents the expansion of the fluid in the x-direction, is 
zero; and from symmetry, the last two, both being the 
integrals of derivatives with respect to axes at right angles 
to the flow, are equal to each other. In consequence, Eq. 
53 is reduced to the simpler form: 


(pg. — Op/dx) fAV = — J dV 
=—— fAV , 
in which 'u/dy: is the average value of d°u/dy throughout 


the macroscopic volume element. Solving this for 0°u/dy* 
then gives 


(Fufoy) = (1/2») (pee — (54) 


Our problem now reduces to one of attempting to 


determine the average value of d°u/dy’ for the system in— 


terms of the kinematics of the flow itself. If we extend any 
line through the system parallel to the y-axis, this line will 
pass alternately through solid and fluid spaces. At each 
point on the line in the fluid space, there will be a particu- 
lar value of the x-component u of the velocity, which will 
be zero at each fluid-solid contact, but elsewhere will have 
finite, and usually positive, values giving some kind of a 
velocity profile across each fluid gap. If this profile for 
each gap could be determined, then we could also com- 
pute 0°u/dy’ at each point on the line and thereby deter- 


mine 0°u/dy’ for the line, which, in a homogeneous and 
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isotropic system, would also be the average value for a 
volume. 


To attempt to do this in detail would be a statistical 
undertaking beyond the scope of the present paper. As a 
first approximation, however, we may simplify the prob- 
lem by assuming: 


1. That all the gaps are equal and of width 2A, 
where A is the average half-width of the actual 
gaps. 

2. That through each gap the velocity profile sat- 
isfies the differential equation 


3. That the total discharge through the averaged 
gaps is the same as that through the actual 
gaps. 

The velocity profile for the averaged gaps can then be 
obtained by integrating Eq. 55 with respect to y. Taking 
a local origin of coordinates at the middle of the gap, 
and integrating Eq. 55 twice with respect to y, we obtain 


in which A and B are constants of integration. Then, 
supplying the boundary conditions, u = 0 when y = 
gives 

0=—C\7/2 =AX +B 
from which 

A= 0°B 

Substituting these into Eq. 56, we obtain 


as the equation of the parabolic profile of the aver- 
aged velocity across the averaged gap. 


The mean value, u, of u across this gap is given by 
— y*) dy = 


Then, replacing C by (1/2u) (pg. — dp/ox) from 
Eqs. 55 and 54, we obtain 


This can be converted into terms of the macroscopic 
velocity, gx, by noting that for a macroscopic length 
of line / normal to the flow direction 


Gel 
or 


where f is the porosity. 
With this substitution Eq. 59 becomes 


6 
or, more generally, 
q= [g— grad 62) 
bb 


which is a statement of Darcy’s law that is valid to 
the extent of the validity of the averaging approxima- 
tion used in its derivation. 


2X 
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In this, it will be noted that the geometrical factor 
(f/6) X* represents the permeability, so that 


k= (f/6) , 
or 


where Nx is the shape factor corresponding to X as the 
characteristic length of the system. 


DETERMINATION OF 2 


The mean half gap-width along a linear traverse 
can be determined in either of two ways. The most ob- 
vious way is by direct observation by means of microme- 
ter measurements along rectilinear traverses across a 
plane section of the porous solid. 

Of greater theoretical interest, however, is an indirect 
method due to Corrsin.’ Instead of a line, let a rec- 
tangular prism of cross-sectional area 5°, where 6 can 
be made arbitrarily small, be passed through a porous 
solid which is macroscopically homogeneous and _ iso- 
tropic. This prism will pass alternately through solid 
segments and void segments. Let n be the number of 
each which is traversed per unit length. Then the num- 
ber of intersections with the solid surface per unit 
length will be 2n, and if a is the average area of the 
solid surface cut out by the prism at each intersection, 
the total area per unit length, d@, will be 


If a parallel family of such prisms is made to fill all 
space, the number per unit area perpendicular to the 
axis of the prisms will be 1/8’, and the solid surface in- 
tersected per unit volume will be 


In addition, the total length of the void spaces per 
unit length of line will be 


nr=f, 
or 


Substituting the value of n from Eq. 66 into 65 and 
solving for then gives 
BS 

Since f and @ can be measured, the value of X could 
be determined if a/5* were known. 

The latter can be determined in the following man- 
ner: A homogeneous and isotropic distribution of the 
internal surface S, inside a macroscopic space, implies 
that if all equal elements dS of the surface were placed 
without rotation at the center of a reference sphere, 
their normals would intersect the sphere with a uni- 
form surface density. Then, with the normals fixed 
in direction, if the surface elements were all moved 
equal radial distances outward, at some fixed radius 
they would coalesce to form the surface of a sphere. If 
the prisms of cross-sectional area 8’, parallel to a given 
line, were then passed through this sphere, the aver- 
age value of a/8° would be 


(67) 


and, when the summation includes one whole hem- 
isphere, 
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area of hemisphere _ ar 


Introducing this result into Eq. 67 then gives 


A method for measuring 8 has been described by 
Brooks and Purcell,’ but for present purposes the data 
on randomly packed uniform spheres, for which 6 can 
be computed, will suffice. For such a system, with n 
spheres per unit volume, 


_ area of spheres nn. 
~~ total volume n r 
= 
7 ; (71) 


where d is the sphere diameter. 


Then, introducing this result into Eq. 70, we obtain 
for packs of uniform spheres 


and 


COMPARISON WITH EXPERIMENTAL DATA 


In order to compare the value of Nx, correspond- 
ing to the characteristic length X, with N,, corresponds 
ing to the sphere diameter d, we must first establish 
the relation between Nx and N,. This can be done by 
noting that, by definition, 


Nadi =k, 
where k is the permeability of the system. Consequently 
No= Nu (GURY 


Then, introducing the value of d°/\? from Eq. 73 
into Eq. 74, gives for a pack of uniform spheres 


The value of Na for well-rounded quartz sands, 
screened to nearly uniform sizes, has been determined 
by the author’s former research assistant, Jerry Con- 
ner. Using packs of different uniform sands with mean 
grain diameters ranging from 1.37 x 10° to 7.15 X 
10° cm, Conner made seven independent determina- 
tions of N,. The average value obtained was 


with individual values falling within the range between 


Conner did not determine the porosity, but the aver- 
age value of the porosity of randomly packed, uniform 
spherical glass beads found by Brooks and Purcell’ was 


0.37. Inserting this value of f, and Conner’s value of 
Na, into Eq. 75 then gives for the equivalent experi- 
mental value of Ny: 


Comparing this experimental result with the approxi- 
mate theoretical result of Eq. 63, it will be seen that 


Nx (theoretical) _ t/6 
N; (observed) 157X107 (78) 
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Since our object at the outset was merely to gain 
some insight into the nature of the shape-factor N 
occurring in Darcy’s law, no particular concern is to 
be felt over the discrepancy in Eq. 78 between the ob- 
served and the theoretical values. All that this really 
indicates is that the system of averaging required should 
be better than the oversimplified one actually used. For 
a more complete analysis, account needs to be taken of 
the frequency distribution of the half gap-width \, and 
also of the functional relation between u and X. The 
fact that our approximate analysis yields a result in er- 
ror by only a factor of 4 makes it appear promising 
that if account is taken of the variability of X and of 


u as a function of X, much better approximations may 
be obtainable. 


Darcy’s LAw FoR COMPRESSIBLE FLUIDS 


Our analysis thus far has been restricted to the flow 
of incompressible fluids for which the divergence term, 
— (1/3) « VV - vy, could be eliminated from the Navier- 
Stokes equation. For the flow of a compressible fluid, 
this term must. be retained, and with the flow parallel 
to the x-axis, 


of which the last two terms are ae to zero, leaving 
4 ou 
or fAV 
Fa = — 2p [(2/3) + 


- Here, 0°u/0x* represents the gradient of the divergence 
of the velocity in the x-direction, or the rate of the fluid 
expansion. Should this term be of the same order of 


magnitude as 0°u/dy, and if the flow of a gas through. 


the porous system is otherwise similar to that of a liquid, 
then the viscous resistance to a gas should be greater 
than that for a liquid of the same viscosity. 


To compare the two terms 0°u/dx° and d’u/dy’, it will 
be noted that each is of the form: velocity/(length)’. 
We have already seen that 


indicating that the magnitude of this term is determined 
by the fact that large variations of u in the y-direction 
take place within the width of a single pore. Compar- 
able variations of u in the x-direction, however, due to 


the expansion of the fluid, occur only in fairly large 
macroscopic distances..Consequently, we may write 


where / is a macroscopic distance. The ratio of the two 
terms is accordingly 


Then, since ? > > x, it follows that the additional 
frictional drag caused by the divergence term is negli- 
gible, and this term may be deleted from the equation. 
We conclude, therefore, from this approximate analy- 
sis, that Darcy’s law in its differential form is the 
same for a gas as for a liquid, provided that the flow 
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behavior of a gas in small pore spaces, other than ex- 
pansion, is similar to that of a liquid. 


It has been conclusively shown, however, by L. J. 
Klinkenberg® that the two flows are not similar, and 
that, m general, k,, the permeability to gas based on 
the assumed validity of Darcy’s law for gases, is not 
equal to k,, the permeability to liquids; and, in fact, 
is not even a constant. 


In the case of the flow of a liquid through small 
pores, the microscopic velocity v becomes zero at the 
fluid-solid boundary; for gas flow, on the contrary, 
there exists along the boundary a zone of slippage 
of thickness §, which is proportional to the length of 
the mean-free path of the molecules. Consequently the 
gas velocity does not become zero at the boundaries, 
and the frictional resistance to the flow of gas is less 
than that for a liquid of the same viscosity and macro- 
scopic velocity. 


Since 6 is proportional to the mean-free path, it is 
also approximately proportional to 1/p. Consequently 
when the gas permeability, k,, of a given porous solid 
is determined with the same gas at a number of differ- 
ent mean pressures, the resulting values of k,, when 
plotted as a function of 1/p, give a curve which is ap- 
proximately linear with 1/p. Moreover, different gases, 
having different mean-free paths, give curves of differ- 
ent slopes. The limiting value of k, as 1/p— 0, or as 
p becomes very large, is also equal to k,, the permea- 
bility obtained by means of a liquid (Fig. 7). 

In view of this fact it is clear that, in general, the 
flow of gases through porous solids is not in accord- 
ance with Darcy’s law. However, from Klinkenberg’s 
data, at pressures greater than about 20 atmospheres 
(2 X 10° dynes/cm’, or 300 psi), the value of k, differs 
from k, by less than 1 per cent. Therefore, since most 
oil and gas reservoir pressures are much higher than 
this, it can be assumed that gases do obey Darcy’s law 
under most reservoir conditions. 


FIELD EQUATIONS OF THE FLOW OF FLUIDS 
THROUGH POROUS SOLIDS 


The establishment of Darcy’s law provides a basis 
upon which we may now consider the field equations 
that must be satisfied by the flow of fluids through 
porous solids in general, three-dimensional space. This 
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problem is complicated, however, by the fact that the 
fluids considered may be either of constant or of var- 
iable density; that one or several different fluids, either 
intermixed or segregated into separate macroscopic 
spaces, may be present simultaneously; and that all de- 
grees of saturation of the space considered are possible. 

The problem of dealing with such cases becomes 
tractable when we recognize that the behavior of each 
different fluid can be treated separately. Thus, for a 
specified fluid, there will exist at each point in space 
capable of being occupied by that fluid a macroscopic 
force intensity vector E, defined as the force per unit 
mass that would act upon a macroscopic element of 
the fluid if placed at that point. In addition, if the 
fluid does occupy the space, its macroscopic flow rate 
at the given point will be indicated by the velocity vec- 
tor q, the volume of the fluid crossing unit area nor- 
mal to the flow direction in unit time. 

We shall thus have for each fluid two superposed 
fields, a field of force and a field of flow, each inde- 
pendently determinable. The equations describing the 
properties of each of these fields, and their mutual in- 
terrelations, comprise the field equations of the system; 
these in turn, in conjunction with the boundary condi- 
tions, determine the nature of the flow. 


THE FIELD OF FoRCE 


We have seen already that the force per unit mass 
is given by 


and the force per unit volume by 


Either of these force vectors could be used, and either 
is determinable from the other, but before choosing 
one in preference to the other, let us first consider the 
properties of their respective fields, of which the most 
important for present purposes is whether or not the 
field has a potential. To simplify our analysis we will 
make the approximations that 


and for chemically homogeneous liquids under the 
range of temperatures and pressures normally encoun- 
tered in the earth to drillable depths, 


For gases, on the other hand, we shall have an equa- 
tion of state 


where T is the absolute temperature. 


The vector E has a particular value at each point in 
space and the ensemble of such values comprises its 
vector field. The criterion of whether this field has a 
potential, that is to say, of whether 


EK = — grad ©, 
where ® is a scalar field, is whether the field E is irro- 


tational, which can be determined from its curl. From 


curl E a curl [g — (1/p) grad p] 


As is well known, the gravity field is irrotational 
even without the assumption that g = const, so that 
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V X g=0. Also 


— V X[(1/p) Vp] = — VC1/p) X Ve 

Consequently 


curl E='— V(1/p) X Vps="Vp X VC/p), 
so that 
curl E=0 when Vp X V(1/p) =90 . (86) 
Therefore, in order for the field to be irrotational, and 
hence derivable from a scalar potential, it is necessary 
either that Vp = 0, corresponding to constant pres- 
sure, or V(1/p) = 0, corresponding to constant den- 
sity, or else that the vectors Vp and V(1/p) be collinear, 
corresponding to a coincidence of the surfaces of equal 
density and equal pressure. 

The second of these three cases is satisfied by a 
liquid of constant density, and the third by a gas whose 
density is a function of the pressure only, such as oc- 
curs under either isothermal or adiabatic conditions. 
For the general case, however, of a gas for which p = 
f(p, T), and the surfaces of equal temperature do not 
coincide with those of equal pressure, then the sur- 
faces p = const will also not coincide with the surfaces 
p = const and we shall have two intersecting families 
of surfaces, (1/p) = const, and p = const, for which 
Eq. 85 applies. 

This is the condition corresponding to thermal con- 
vection, and the fluid will have a convective circula- 
tion in the direction that will tend to bring the surfaces 
of equal density into coincidence with those of equal 
pressure, with the less dense fluid uppermost. 

Hence, subject to the condition that either p = const, 
or p = f(p), 

curl K=O and grad@®. .. . (87) 
The value of ® at any arbitrary point P in space 
(Fig. 8) is then obtained by 
P 7 

Py 
= CP 
Zz p 
= 


op 
(1/p) ds 


dp 


= + ez + 
pe? 


J 
where the integral from P, to P is taken along any path 
s. Then by setting @(P,) = 0 when z = 0 and p, = 1 
atmosphere, we obtain 


where p is now the gauge pressure, or the absolute pres- 
sure less 1 atmosphere. 


If the fluid is incompressible and chemically homogen- 
eous, this reduces to the simpler form 


(90) 


For this case, if a manometer is tapped into the sys- 
tem at the point P, the height h above the level z = 0, 


to which the liquid will rise, will be 
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@(P)=O(R,)- ds 
° 


ve 


i> 


Fic. 8—THE POTENTIAL © As A LINE INTEGRAL OF THE 
FIELD OF Force E. 


from which it follows that 
gh=gz+p/p=O , 
in agreement with our earlier definition of ® in Eq. 14. 

If the fluid is incompressible and chemically inho- 
mogeneous, as in the case of water of variable salinity, 
the density p will not be a function of pressure only, 
and, in general, surfaces of constant density will not be 
parallel to surfaces of constant pressure. For such a 
system curl E ~ 0, and no potential exists. 

We thus see that, with the exception of cases of ther- 
mal convection, and of inhomogeneous liquids of var- 
iable density, the fields E for both liquids and gases 
are irrotational and are derivable from a potential ®. 
Since E is a force per unit of mass, then ® is an energy 
per unit of mass, and represents the work required to 
transport the given fluid by a frictionless process along 
a prescribed (p, T)-path from a standard position and 
state to that of the point considered. Surfaces & = const 
are accordingly equipotential surfaces, or surfaces of 
constant energy of position, and the fluid will tend to 
flow from higher to lower potentials or energy levels. 


The field of force per unit volume, H, can he dis- 
posed of summarily. Since 


— grad 


then 
curl H = V X (pg) — V X Vp 
=VpXegt pV 
But, since V X Vp and V X g are each zero, then 
curl H= Vp Xg. (93) 
This is zero only when p is constant or when the sur- 
faces of constant density are horizontal. The last con- 
dition never occurs except when the fluid is at rest or 
when the motion is vertical. Hence, for motion in any 
direction other than vertical, the field of the vector H 


does not have a potential except when the density of the 
fluid is constant. For the special case of constant density, 


H = grad Il, (94) 
where 
Il = p® = pez +p. (95) 
is the energy per unit volume of the fluid at any given 
point. 
In view of the fact that the field E has a potential for 
both liquids and gases under the conditions specified 
above, whereas, in general, the field H has a potential 
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only for the special case of liquids of constant density, — 


then there is no advantage in using the latter in pref- 
erence to the former, and henceforth it shall be dropped 
from further consideration. 

The generality of the field of force, as herein de- 
fined, merits attention. The force vector E for any given 
fluid not only has values in space oecupied by that fluid, 
but also in any space capable of being occupied by the 
fluid. At a point in air, for example, the force E,, for 
water would be 


E, = g — (1/pw) grad p, 
and since, in air, grad p is p,i+ g, then 
Pw Pair 
E, = (96) 
The field E for a given fluid thus extends throughout 
all space of continuous permeability. When several 
fluids are to be considered, then at each point in space 
there will be a different value of E, for each separate 
fluid, given by: 
EK, = (1/p:) grad p 
E, = g — (1/p:) grad p , 
E, = — (1/p,) grad p . | 
The vectors E for the separate fluids of different den- 
sities will differ among themselves, both in magnitude 
and direction, but will all fall in the same vertical plane, 
that defined by g and — grad p (Fig. 9). 
Similarly the potentials of different fluids at the same 
point will be: 


= gz + (dp/p;) ; 
= gz + S(dp/pz) , 


(97) 


(98) 
Dy TAS / 

where p,, p:, ...pn are the variable densities of the sep- 

arate fluids. 

Since the equipotential surfaces for the separate fluids 
must be normal to the respective vectors EK, then it fol- 
lows that the equipotential surfaces of different fluids 
passing through a given point will not be parallel to 
one another, although they will all intersect along a line 
normal to the (g, — grad p)-plane. 


THE FIELD OF FLOW 


We have already defined the flow vector q for a 
space which is entirely filled with a single fluid. For 
a space which is incompletely filled with a single fluid, 
or is occupied by two or more intermixed fluids, then 
there will be two or more superposed flow fields, not 
in general in the same direction, and a separate value of 
q for each separate fluid. 

The principal condition which must be satisfied by 
the field of flow independently of the field of force is 
that ii must be in accord with the principle of the con- 
servation of mass. Thus, if a closed surface, S, fixed 
with respect to the porous solid, is inscribed within the 
field of flow, then the total net outward mass flux of 
any given fluid in unit time will be equal to the diminu- 
tion of the mass of that fluid enclosed by S, assuming 
that processes which create or consume the given fluid 
are forbidden. 


This condition is expressed by 


SS pqr.dS = —oOm/ot , (99) 
S 
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where q, is the outward-directed normal component of 
q, and m the mass enclosed (Fig. 10). 

In the case of a space completely saturated with the 
given fluid, by dividing the integral (Eq. 99) by the 
volume V and then letting V tend to zero, we obtain 

V 
(100) 

which is the rate of loss of mass per unit macroscopic 
volume at a given point. Then, since 

om/ot = fV , 
Eq. 100 becomes 


which is the so-called “equation of continuity” of the 
flow. If the motion is steady, then dp/dt is zero, and 
the equation simplifies to 


When this is expanded it becomes 


div pq = 


div pq= V .pq= Vp.q+ pV .q=0, 


and when p is constant over space, corresponding to 
the flow of a homogeneous liquid, Vp = 0, and 


grad pad 


grad p 


V 


Fic. 9—Force Vectors E aT THE SAME POINT CorRE- 
SPONDING TO FLUIDS OF DIFFERENT DENSITIES. 
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RELATION BETWEEN FIELD OF FORCE 
AND FIELD OF FLOW 

In a space completely saturated by a single fluid, 
the field of flow and the field of force are linked to- 
gether by Darcy’s law 


which, in those cases for wnich curl E = 0, becomes 


If the solid is isotropic with respect to permeability, 
the conductivity o is a scalar and the flowlines and the 
lines of force will coincide; if the solid is anisotropic, o 
will be a tensor and E and q will then differ somewhat 
in direction except when parallel to the principal axes 
of the tensor. 


Limiting our discussion to isotropic systems, by tak- 
ing the curl of Eq. 105, we obtain 


curl = — V X oV® Vo xX 


Then, since the last term to the right is zero, this be- 
comes 

which is zero only when o is constant throughout the 
field of flow. Therefore, in general, 


and this circumstance precludes the derivation of the 
flow field from an assumed velocity potential, for, with 
the exception of the flow of a fluid of constant density 
and viscosity in a space of constant permeability, no 
such function exists. 

The flow of a given fluid through a porous solid 
incompletely saturated with that fluid is equivalent to 
flow through a solid of reduced permeability, because 
the space available to the flow diminishes as the sat- 
uration decreases. For saturations greater than some 
critical minimum value, the flow obeys Darcy’s law 
subject to the permeability having this reduced, or so- 
called, “relative-permeability” value. Thus, with two 
interspersed but immiscible fluids in the same macro- 
scopic space, 

= or, E, =o, [g — (1/p:) grad Pl, (108) 
Q: = or: = on [g (1/pz2) grad Pl 
where o,; and o,, are the relative conductivities of the 
two fluids. 

It will be noted that, except for vertical motion, 

E, and E, are not parallel. Consequently the two force 


fields and flow fields will be, in general, transverse to 
one another. 


Pioneer work on relative permeability as a function 
of saturation was done on the single fluid, water, by 
L. A. Richards’ in 1931. Subsequently studies of the 
simultaneous flow of two or more fluids were initiated 
by Wyckoff and Botset,” and by Hassler, Rice, and 
Leeman” in 1936. Since that time many other such stud- 
ies for the systems water-oil-gas have been published. 


One flaw which has been common to most of these 
multifluid experiments has been that the experimental 
arrangements and their interpretation were usually based 
upon the premise that the flowlines of the various 
components are all parallel and in the direction 
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— grad p. Since this is far from true, there is some ques- 
tion of the degree of reliability of the results of such 
experiments. Even so, the existing evidence indicates 
that for saturations greater than some critical minimum 
the flow obeys Darcy’s law in the form given in Eqs. 
108. For saturations less than this limit, there should 
still be a general drift of discontinuous fluid elements in 
the direction of the field E, but with, as yet, no well- 
defined relationship between q and E. 

The migration of petroleum and natural gas, through 
an otherwise water-saturated underground environment, 
from an initial state of high dispersion to final positions 
of concentration and entrapment, constitutes an exam- 
ple of the latter kind. 


PROPERTIES OF THE COMBINED FIELD OF FLOW- 


Although the present paper does not permit of their 
elaboration, practically everything that is now known 
concerning the flow of fluids in a porous-solid, three- 
dimensional space is deducible from the foregoing field 
equations. The equations for the flow of an incom- 
pressible fluid are of the same form as those for the 
steady conduction of electricity. Consequently the well- 
known solutions to the electrical equations can be ap- 
plied directly to analogous situations in fluid flow. The 
unsteady flow of a compressible fluid, when the force 
field is irrotational, is closely analogous, although some- 
what more complex, to the unsteady conduction of heat, 
and the solutions of the heat equations can be adapted 
with some modification to the analogous fluid-flow 
problems. 


The fluid phenomena which are unique and have no 
counterpart in other more familiar field theory are 
those involving multiple fluids. If we consider the flow 
of two immiscible fluids of unequal densities, such as 
water and oil, interspersed in the same macroscopic 
space, we have seen from Eq. 97 that, in general, the 
force fields E, and E, of the two fluids will lie in the 
same vertical plane, but will have divergent directions, 
that for the less dense fluid being upward with respect 
to that for the more dense. As a consequence the two 
fluids will drift in these respective directions, and, in 
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response to suitable impermeable barriers, will tend to~ 
become completely segregated. 


Once this segregation is achieved, for any further 
steady motion of either of the fluids, the interface 
will appear as an impermeable barrier. Across this in- 
terface, neglecting minor pressure differences due to 
capillarity, the pressure in the two fluids must be the 
same. Then, in case neither of the fluids is in motion, — 
the interface will have to be horizontal, with the less 
dense fluid uppermost, since this is the only inclination 
of the surface for which the pressures on opposite sides 
can be the same. 


When either or both of the fluids is in motion, how- 
ever, in a nonvertical direction, the vectors (1/p,) grad p 
and (1/p,) grad p will be inclined from the vertical, 
and the corresponding equipressure surfaces will be in- 
clined from the horizontal by the same amounts. At the 
interface every equipressure surface in one system must 
match that of the same value in the other. 


At the same time, the flowlines in each system must 
be parallel to the interface so that the (E,, E,)-plane 
must be tangent to the interface. Consequently the in- 
terfacial surface and the flow patterns in the two sys- 
tems must mutually adjust themselves until these condi- 
tions are simultaneously satisfied before a steady state 
of flow becomes possible. 


Of particular interest is the special case of this gen- 
eral situation wherein one of the two fluids is in motion 
and the other is completely static. In this case the 
equipressure surfaces in the static fluid are horizontal 
and surfaces having equal difference of pressure are 
equally spaced; whereas, in the moving fluid the equipres- 
sure surfaces are inclined downward in the direction of 
the horizontal component of the flow. Their lines of inter- 
section at the interface must accordingly be horizontal. 
Also, since the vector, grad p, lies in the same vertical 
plane as the vector E of the flowing fluid, it follows 
that the horizontal component of the flow direction 
must be parallel to the direction of steepest slope of the 
interface. 


If we consider a vertical plane parallel to the flow 
direction and perpendicular to the interface, then in this 
plane the surfaces of constant pressure will appear as 
lines of constant pressure, inclined in the flowing fluid 
and refracting into the horizontal across the interface in 
the static fluid. Let the flowing fluid be denoted by the 
subscript 1 and the static fluid by the subscript 2. Then 
along the interface in the direction of the flow 


In the static fluid 


and consequently depends only upon the density p, 
and the angle of slope @ of the interface, where @ is posi- 
tive when the slope is upward in the flow direction. 


In the flowing fluid, since 


E = g. — (1/p:) , 
then 


= pi8s — pre 
111 
= — pg sin + p, |grad . 
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Equating 110 and 111 then gives 
pg = pig sin — p, | grad ®,| , 


which, when solved for sin 6, becomes 


If the less dense fluid is flowing (Fig. lla), p. > ps 

the term to the right will be positive, and the interface 

will tilt upward; if the more dense fluid is flowing (Fig. 

11b), p. > p., the term to the right will be negative, and 
the interface will tilt downward. 


Eq. 112, derived earlier by Hubbert,””” is the funda- 
mental equation pertaining to fresh-water — salt-water 
relations along shore lines, and to oil-water and oil-gas 
interfacial relations such as water or gas coning during 
oil and gas exploitation. It is also the basic equation 
governing the underground positions of oil and gas en- 
trapment. If the water is static, accumulations of pe- 
troleum or of natural gas will occur beneath downwardly 
concave impermeable barriers, with the oil-water or 
gas-water interface horizontal. If the water is in mo- 
tion, as often is the case, the oil-water or gas-water in- 
terface will be inclined, and oil or gas may be trapped 
beneath structures completely unclosed in the hydro- 
static sense. 


RESUME 


In paying our respects to M. Henry Darcy on this 
centennial occasion, we stated at the outset that it 
should be our endeavor: 


1. To show unequivocally what Darcy himself did 
and stated with respect to the relationship which now 
bears his name, and to give his results a more general, 
but still equivalent, physical formulation. 


2. To derive Darcy’s law directly from the funda- 
mental Navier-Stokes equation of motion of viscous 
fluids. 


3. To develop, in at least their primitive forms, the 
principal field equations of the flow of fluids through 
porous solids. 


These objectives have now been accomplished, and 
the result is that, despite a number of troublesome 
complexities such as those arising from thermal con- 
vection and from waters of variable salinity, the field 
theory of the flow of underground fluids is capable of 
-being brought into the same kind of a comprehensive 
unification as that already achieved for the more fa- 
miliar phenomena of electrical and thermal conduction. 


In closing it is pertinent to reiterate that Darcy’s 
empirical formulation: 


q=K (h, — hz) /l, 


which, as we have seen is valid for flow of a homogen- 
eous liquid in any direction, is physically equivalent to 
the expressions: 


q = — (Nd’)(p/u) g gradh, 
q = + (Nd’)(p/u)[g — (1/p) grad p] . 


From these it follows that fluids can and do flow in any 
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direction whatever with respect to that of the pressure 
gradient. 


So far as we have seen no error of any kind with re- 
spect to the flow of fluids through porous solids can be 
attributed to Henry Darcy; and the errors which have 
been alleged by various authors during recent years 
appear on closer inspection to have been those com- 
mitted by the authors themselves. 


ACKNOWLEDGMENTS 


Since this paper is the result of some 20 years of 
intermittent reflection upon the phenomena encompassed 
by Darcy’s law, the author is indebted to many people 
whose oral or written discussions of various aspects 
of the problems involved have contributed to his own 
understanding of them. He is particularly indebted, how- 
ever, to his current and recent colleagues who have 
been of direct assistance in the present study. These in- 
clude: Jerry Conner who made an extensive series of 
experiments verifying the author’s earlier theoretical 
deductions; David G. Willis who, in addition to reading 
critically the manuscript and assisting in the design of the 
illustrations, has been of invaluable assistance in the 
clarification of many difficult points; R. L. Chuoke and 
A. S. Ginzbarg who gave important mathematical assist- 
ance; and R. H. Nanz who made an extensive series of 
measurements of the gap-widths along linear traverses 
through randomly packed uniform spheres. 


Any errors, however, are the author’s own. 


PETROLEUM TRANSACTIONS, AIME 


© 
8 
2 
(a) 
4 
Be, 
Ce 
p 
8 
0 +Ap 
p+Ap 
“<o 
2 
“in, 
10 
4) 
/ 


KEFERENCES 


Darcy, Henry: Les Fontaines Publiques de la Ville 
de Dijon, Victor Dalmont, Paris (1856). 


Wyckoff, R. D., Botset, H. G., Muskat, M., and 
Reed, D. W.: “The Measurement of the Permeabil- 
ity of Porous Media for Homogeneous Fluids,” 
Rev. Sci. Instruments (1933), 4, 394. 


A.P.I. Code No. 27, “Standard Procedure for De- 
termining Permeability of Porous Media” (Tenta- 
tive), 1st Edition (Oct., 1935), American Petro- 
leum Institute. 


Fancher, G. H., Lewis, J. A., and Barnes, K. B.: 
“Some Physical Characteristics of Oil Sands,” 
Pennsylvania State College Mineral Industries Ex- 
periment Station Bulletin 12 (1933), 65. 


Reynolds, Osborne: “An Experimental Investiga- 
tion of the Circumstances Which Determine 
Whether the Motion of Water Shall Be Direct or 
Sinuous and of the Law of Resistance in Parallel 
Channels,” Philos. Trans. Royal Soc. London 
(1883), 174, 935; or Papers on Mechanical and 
Physical Subjects, University Press, Cambridge 
(1901), Vol. II, 51. 


VOL. 207, 1956 


10. 


12. 


Corrsin, Stanley: “A Measure of the Area of a 
Homogeneous Random Surface in Space,” Quart. 
Appl. Math. (1954-1955), 12, 404. 


Brooks, C. S., and Purcell, W. R.: “Surface Area 
Measurements on Sedimentary Rocks,” Trans. 
AIME (1952), 195, 289. 


Klinkenberg, L. J.: “The Permeability of Porous © 
Media to Liquids and Gases,” API Drill. and Prod. 
Prac. 1941 (1942), 200. 


Richards, L. A.: “Capillary Conduction of Liquids 
Through Porous Mediums,” Physics (1931), 1, 
318. 


Wyckoff, R. D., and Botset, H. G.: “The Flow of 
Gas-Liquid Mixtures Through Unconsolidated 
Sands,” Physies (1936), 7, 325. 


Hassler, Gerald L., Rice, Raymond R., and Lee- 
man, Erwin H.: “Investigations on the Recovery of 
Oil from Sandstones by Gas Drive,” Trans. AIME 
(1936), 118, 116. 


Hubbert, M. King: “The Theory of Ground-Water 
Motion,” Jeur. Geol. (1940), 48, 785. 


Hubbert, M. King: “Entrapment of Petroleum 
Under Hydrodynamic Conditions,” Buil. AAPG 
(1953), 37, 1954. tok 


239 


6. 
7. 
Dh 
3 
: 
= 
3% 


WATER-CONING before BREAKTHROUGH -- an ELECTRONIC 
ANALOG TREATMENT 


WALTER J. KARPLUS* 


UNIVERSITY OF CALIFORNIA 
LOS ANGELES, CALIF. 


Pip 


ABSTRACT 


By means of a finite difference expansion a fluid 
flow field in cylindrical coordinates with axial sym- 
metry, is simulated by a network of electrical resistors. 
A series of DC analog computing units, connected to 
the network boundary corresponding to the free sur- 
face effectively adjust the network parameters to satisfy 
simultaneously Laplace’s equation and the boundary 
conditions. The system automatically “relaxes” to the 
correct boundary shape in a fraction of a second. A 
detailed application of the method to the water coning 
problem in oil wells is presented. 


ENERO DUCTION 


The water coning problem in petroleum production 
is a prime example of a class of problems known as 
free surface problems. A free surface arises in fluid 
flow regions when the shape of the boundary of a sin- 
gle phase flow region is affected in some manner by 
the pressure or potential gradients within the region. 
When there exists an interface of two fluids of different 
densities, the shape of this interface will be determined 
by the relative velocities of the two fluids and will 
therefore comprise a free surface. Other free surface 
problems of interest to petroleum engineers include the 
gas coning, water injection, and gravity drainage prob- 
lems. In each case it is desired to predict the shape of 
the boundary of the oil zone as a function of the flow 
rate, the well penetration and the physical parameters 
and dimensions of the system. 


Such problems do not lend themselves to the clas- 
sical analytical treatments of boundary value problems 
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because in this case the boundary of the potential field 
and the potential distribution within the field are inter- 
dependent and must be calculated simultaneously. A 
further difficulty arises from geometric considerations. 
Since the fluid flow is of the radial type in most cases, 
such effective methods as conformal transformation 
and the hodograph are not applicable. It is the purpose 
of this paper to present a method whereby free surface 
problems of this type may be solved rapidly to the 
desired order of accuracy by means of a combination 
of a network of electrical resistors and conventional 
analog computer units. The water coning problem is 
treated in some detail. Then the procedure for extend- 
ing the technique to other free surface problems is 
indicated. 


FORMULATION 


Most commercial oil reservoirs consist of an oil-sat- 
urated sand, bounded above by an impermeable strata 
and below by a water-saturated sand. Gravimetric sep- 
aration results in a horizontal oil-water interface. When 
an oil well is drilled so that it partially penetrates the 
oil Zone, and production is initiated at a constant rate, 
the oil-water interface will assume a new shape as a 
result of the pressure gradients in the oil zone. It 
should be emphasized that this is a steady phenomenon. 
After an initial transient period the water phase will be 
completely static and only the oil will be in motion. 
The new steady-state shape of the interface, as shown 
in Fig. 1, depends upon the depth of penetration, d, the 
thickness of the oil zone, /, the production rate, q, the 
hydraulic permeability zone of the sand, k, the viscosity 
of the oil, 4, and the densities of the oil and water, p., 
and py. The problem is to determine this relationship. 


k 
Darcy’s law po=—(P+gpz) ..... (1) 
be 
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where ¢ is the velocity potential whose gradient is pro- 
portional to the vector flow rate, establishes that the 
flow of fluids in porous media produces a potential 
field and hence obeys Laplace’s equation. Using cylin- 
drical coordinates with axial symmetry 


The boundary condition at the well, with radius r,., is 
r=r 
= = constant for 3 
and at an assumed drainage radius r. 
r=r 
= ¢.=constant for 4 
Since the top of the oil zone is impermeable 
The oil water interface is also a streamline, so 
=Q 
on = h(r) 


where n is the Sean, normal to the jatertiees Also 
from static considerations the head of the water cone is 
where P, is the pressure at z = 0. z 
Combining Eqs. 1 and 7 
8k (pw po) 
If all potentials and pressures are measured with re- 
spect to those at the z = 0 ordinate, c, becomes equal 
to zero, and the potential at the interface is directly 
proportional to its height, h(r), above that reference 
level. 

By means of the calculus of finite differences, par- 
tial differential Eq. 2 may be converted into a system 
of algebraic equations suitable for computer solution. 
In such an expansion a grid of uniformly spaced points 
is chosen along the r and z coordinates. If the net- 
spacing is taken equal to a, it can be shown that the 
potential at a typical node ¢, at a radial distance r, 
from the origin is related to the potentials ¢,, and 


$z-. of the two adjacent nodes, along the z direction, 
and the potentials ¢,, and ¢,, of the two adjacent 


nodes in the r direction by the Silas equation 


where c, = 


9) 


Cee of this expansion may be found in the liter- 
ature.’ 


1References given at end of paper. 
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A rectangular network of electrical resistors was used 
to simulate the fluid flow in the interior of the oil zone. 
The basis for this technique lies in the essential simi- 
larity between the equations describing the voltage dis- 
tribution in a resistance network and those resulting 
from a finite difference expansion of Laplace’s equa- 
tion. Fig. 2 is a schematic representation of such a 
network suitable for studying oil flow in the absence of 
a water cone. Letting V,, Vs, Vz, Vc, and Vp represent 
the electrical potentials at typical adjacent nodes accora- 
ing to Kirchhoff’s current law. 

Va Vas We = Vix 
Ry Ry, Ro Ry 


A comparison “of. Bys: 9 and 10 shows that if the fol- 
lowing values are assigned to the network resistors 


2 2 1 

(11) 


The at ath node of the resis- 
tance net will be proportional to the velocity potential, 
¢, at the corresponding node of the finite difference 
grid, provided the proper electrical potentials are ap- 
plied to the two equipotential boundaries. In Fig. 2 
the nodes at the boundary corresponding to the drain- 
age radius are connected to a reference ground point, 
while the nodés at the well surface are connected to 
a negative voltage source corresponding to the velocity 
potential drop across the system. The current indicated 
by the ammeter is then proportional to the volumetric 
oil flow rate. 


Perhaps a clearer insight into the physical significance 
of the network resistors may be gained by the follow- 
ing approach, which is similar to some extent to that 
recently described by Liebman.* Assume that each 
typical internal radial resistor, for example Rs, repre- 
sents the equivalent flow resistance between the inside 
and the outside vertical surfaces of the cylinder shown 
in Fig. 3, to fluid flow in the radial direction. This 
cylinder may be regarded as defining the radial vector 
volume represented by the resistor. From basic elec- 
trical theory 
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where p is the equivalent resistivity of the formation. 
According to Darcy’s law this factor would correspond 


k 
to —. A represents the area across which the flow 


is occurring, while / is the length of the flow path. 
If the flow is inward, / = r, — r:, and an average value 
for the area would be 4 = za(r, + 7). Therefore by 
Eq. 12 

ae 

If the radial increment (r, —7,) is equal to a, Eq. 
14 becomes 


R, = 


where c, is a constant of proportionality. Likewise the 
resistor in the z direction represents the resistance to the 
vertical component of the flow. This corresponds to the 
resistance between the top and bottom faces of the 
cylinder, shown in Fig. 4, and describes the vertical 
vector flow volume represented by the vertical resistors. 
Here / = z, — z =a and the approximate expression 
for the area is A = 27 1,a, so 


(14) 


27 roa 

where c,; has the same significance as in Eq. 14. A 
comparison of Eqs. 14 and 15 with Eq. 11 shows that 
the above approach results in the same resistance values 
as the conventional finite difference expansion. The 
latter method however facilitates the determination of 
appropriate values for resistors near the boundary of 
the net. 

A radial resistor lying along a horizontal boundary 
for example, still represents a flow path of the same 
length as that of interior resistors. The cross-sectional 
area, A, however has been cut in half, since the cylin- 
der in Fig. 2 is now only a/2 units high. The resistor 
along the boundary must therefore have twice the re- 
sistance of the corresponding internal resistor. A simi- 
lar line of reasoning may be employed to calculate the 
value of the resistor near an irregular boundary, which 
does not pass through the node points. 

In the present problem the oil-water interface as- 
sumes a curved shape determined by Eq. 8. To meet 
this condition using the resistance network as described 
thus far, and at the same time conform to the boundary 
condition that this interface be a streamline, a change 
in shape of the water cone would require that all the 
vertical and radial resistors in the vicinity of this lower 
boundary be altered simultaneously. As the water cone 
rises the vector volumes represented by the boundary 
resistors becomes less and less, so that their resistance 
must be increased. For each new boundary location 
their values would have to be recalculated and ad- 
justed. Then the potential at the boundary nodes would 
have to be compared to the potential required by the 


Fic. 3—RADIAL VECTOR 
VOLUME. 


Fic. 4—VERTICAL VECTOR 
VOLUME. 


boundary condition. Such a laborious trial and error 
procedure will eventually yield the correct solution, 
and indeed such an approach has been used by Luthin’ 
in the simpler case of a two dimensional problem and 
by Muskat* using graphite disk models. A more rapid, 
automatic method follows from a detailed analysis of 
the vector volumes represented by the boundary re- 
sistors. 

Fig. 5 illustrates a portion of the network simulating 
the problem under study, where the water cone has 
assumed a height, h,, at the node point 0, while its 
height at nodes 1 and 2 is A, and h, respectively. The 
resistors R,, Rz, and Ro are the network resistors as 
calculated by Eqs. 14 and 15. The values of R;, R:, and 
R, must be determined from a consideration of the 
reduced oil zone volume which they now represent. 
In the absence of a water cone, R, is equal to Ro, 
while R, and R, are equal to 2R, and 2Rp, respectively. 

Considering first the vertical resistor, R;, whose flow 
region is illustrated in Fig. 6, it is apparent that the in- 
troduction of the cone leaves the cross-sectional area 
of flow approximately the same, but that the average 
length of the flow path has been reduced from the net 
interval a to a value f£., equal to (a —h,). There- 
fore the new value of the resistor must be 


a 


To determine the correct value of R, consider how 
the water cone affects a wedge cut out of the cylinder 
shown in Fig. 3. Obviously this wedge is affected by 
coning in precisely the same manner as the entire 
cylinder. Fig. 7 is an illustration of such a wedge. The 
boundary of the wedge prior to coning is indicated by 
the dotted lines. Here the length of the flow path has 
remained essentially unaltered and equal to the grid 
spacing. The vertical dimension of the wedge was 
originally equal to a/2. Now on one side it is equal to 


(4 a 5) and on the other to (6. + Ay The new 


average height may be approximated as %2(6, + B, — 
a), so the new cross-sectional area offered to the oil 
flow is diminished by a factor equal to the ratio of this 
average height to a/2. Therefore the relationship be- 
tween the new resistor, R,, and the original resistor 
2R, may be expressed as 
1 
R, = 2aR, (17) 


By the same reasoning 


Fic. 5—PorTION OF RESISTANCE NETWORK IN PRES- 
ENCE OF A WATER CONE. 
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CONE. 
R, = 2aR : 18 
Applying Kirchhoff’s junction law to node 0, ea 
+ — 
abe the values for R,, R., and R, as found above 
V, 
20 


Replacing h by (a — 8) in boundary condition (8) and 
rearranging 
Ve Vi 
Inserting these values in the first two terms of Eq. 20 
and performing the indicated multiplications 


2ac,R, 
2ac,Ry, 
—= (22) 
Multiplying EG: 21 by ave : 
Similarly 
and 


Inserting Eqs. 23, 24, and 25 ints Eq. 22 and rearrang- 
ing the terms 


eV re CV CV CV Vig Vol a 
2ac.R. 2ac.Ry, Re 
or 
Rx Bo R, Rg 


(27) 
The boundary condition on the free surface has been 
transformed into this form because this equation is par- 
ticularly well suited for analog computer solution. 

The basic purpose of the analog computer units is to 
simulate the behavior of the flow system at its lower 
boundary—the free surface. Since exhaustive descrip- 
tions of commercially available analog computer units 
appear in the literature,” no detailed discussion of their 
operation will be given here. 

The computers must calculate the effect of resistors 
R,, R,, and R; of Fig. 5, at each of the lower boundary 
nodes. The only way in which a change in the magni- 
tude of these resistors may effect the potential distribu- 
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tion in the interior of the resistance network is by 
changing the magnitude and polarity of the current intro- 
duced at the nodes directly above the boundary nodes. 
The magnitude of this current, i;, flowing through resis- 
tor R, is evidently 
R, Ro B./a 
If this current is made to flow from the computer into 
node (3), Laplace’s equation will be satisfied every- 
where in the system. In addition the magnitude of V, 
must be in accord with boundary condition (8). For 
greatest convenience it is desirable to avoid the neces- 
sity of changing any network resistors as 8, changes: If 
a fixed resistor of magnitude R. is connected to node 
(3) in place of R;, then a voltage, V., applied at the 
other end of this resistor will produce a current 
V; 
In order that this current be equal to i,, the voltage, V,, 
must be adjusted so that 
V; V, 
V, =V; ..... . 
1 (30) 
The function of the computer at each node may then be 
considered to be limited to producing the proper volt- 
age, V;, at the lower end of this resistor. This is illus- 
trated in Fig. 8, in which the interconnected blocks 
indicate combinations of operational D.C. amplifiers 
which generate this voltage at the appropriate locations, 
and at the same time simulate the boundary condition 
expressed by Eq. 8 and reformulated in Eq. 27. 

Fig. 9 is a schematic circuit diagram of one of the 
computer units. The significance of the D.C. voltages 
appearing at various points in the circuit, in terms of 
the variables which are simulated by them, is indicated 
in the drawing. Operational amplifier No. 1 simulates in 
effect the relationship of the variables expressed in Eq. 
27. The servo multiplier including the three ganged 
multi-turn potentiometers automatically forces V, to be 
equal to c, (a — B,). The constant, c,, is adjusted to its 
proper value, simultaneously for all computer units, by 
means of the variable voltage supply E. The indicator 
dial ganged to the potentiometers then displays directly, 
as a fraction of the net interval (a), the height of the 
interface above the reference level. 

Thus far this discussion has been limited to flow sys- 
tems in which 8, is positive. That is, the height of the 
interface has been considered to be smaller than the net 
spacing at all boundary nodes. To increase the utility of 
the electronic model it is necessary to make provisions 
for the automatic solution of problems in which the 
interface rise is greater than the net spacing. This is 


r=a r=2q =r=3a r=Ya r=5q 
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accomplished by recognizing that no assumption regard- 
ing the polarity of 8, was made anywhere in the above 
derivations. In terms of the basic considerations of the 
significance of the network resistors, a negative /, 
implies that the vertical vector volume, defined by Eq. 
15, decreases to zero and becomes negative as the rising 
interface passes through the node point. This negative 
resistance is necessitated by the fact that, while the 
volume of the oil zone shrinks as the interface rises, the 
physical structure of the resistance net remains un- 
changed. It is therefore necessary to cancel the effect of 
the “excess” resistors by means of simulated negative 
resistances along the lower edge of the network. Phys- 
ically such a negative vector volume may be hard to 
visualize, but electrically it presents no great problem. 

As shown in Fig. 9 8, appears as an angular position 
of ganged potentiometer shafts. Since it is physically 
impossible to obtain a negative resistance from such a 
device, the circuit must be modified when the interface 
passes through a node point. Fig. 10 shows the opera- 
tional circuit necessary to perform the calculations for 
negative £,. The multiplications performed at potentiom- 
eters II and IiI are now considered to be multiplications 
by —f.. The polarity of the other input to amplifier 
No. 2 must therefore also be reversed, as must be the 
polarity of the input to amplifier No. 6. Physically these 
changes from the circuit of Fig. 9 to that of Fig. 10 are 
accomplished in a fraction of a second by means of one 
multiple double throw switch. If in a series of measure- 
ments, the height of the interface at any node exceeds 
the net interval, as evidenced by the reading of the indi- 
cator dial, it is only necessary to reverse the position of 
the switch for that node, and the measurements may be 
continued without interruption. 


OPERATING PROCEDURE 


The procedure for determining the shape of the 
water cone by means of the electronic analog may be 
summarized as follows: 

1. The resistance network is constructed to simulate 
the geometry of the fluid flow system. Some thought 
must be given to the approximate characteristics of the 
potential field, in order that the net spacing be fine 
enough to preclude significant errors resulting from 
large changes in the potential gradient. It may be 
desirable, for example, to use a finer net spacing near 
the well. 


2. The well penetration is simulated by connecting 
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Fic. 10—-OPERATIONAL SCHEMATIC OF TYPICAL 
COMPUTER UNIT FOR NEGATIVE f.. 


those boundary nodes which correspond to the well sur- 
face to the well junction. It is not necessary that the 
well extend to the upper boundary of the oil zone. 

3. The volumetric oil flow rate is simulated by adjust- 
ing the current through the network, as indicated by the 
ammeter. Here it is necessary to select an appropriate 
conversion factor, c;, relating the flow rate to the cur- 
rent. This factor must be chosen with care to assure 
that the operating limits of the equipment are not 
exceeded. 

4. The factor, c,, the product of the differential den- 
sity, pw — po, and the mobility ratio, k/u, is now simu- 
lated by adjusting the voltage E. The conversion factor 
relating this constant, c,, to electrical voltage is deter- 
mined by the choice of c,; in step (3), for any given 
resistance net. 


5. The height of the oil-water interface as indicated 
by the potentiometer dials for each node is now re- 
corded. While the adjustments of steps (3) and (4) are 
being made, the computers and associated servo motors 
automatically and almost instantaneously adjust these 
dials to the correct values. 


Once the basic resistance network has been designed 
and constructed, the water cone shape for any combina- 
tion of flow rates, density contrasts and mobility ratios 
may be determined in a matter of seconds. It is feasible 
therefore to employ the analog to select by trial and 
error an “optimum” flow condition, and to study tran- 
sient behavior by means of the technique of “successive 
steady states.” 


An electronic analog of the type discussed above has 
been constructed and put into operation and is being 
used to investigate various well problems. It employs an 
18 X 12 loop network using 1 per cent precision resis- 
tors throughout. EASE (Beckman Instrument Co.) type 
analog operational equipment is being used for the com- 
puter units. Comparisons of the water cone shapes pre- 
dicted by the electronic analog with measurements on 
an actual scale sand model of an oil well indicate that 
the errors inherent in the analog are considerably smaller 
than those introduced into the problem by the idealizing 
assumptions involved in the mathematical model repre- 
sented by Eqs. 1 through 8. 


ADDITIONAL APPLICATION 


The electronic analog as described lends itself, with 
only minor modifications, to investigations of many 
other flow situations. For example in many oil fields the 
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Teservoir sands exhibit the effect of layering and bedding 
so that isotropic conditions no longer exist. Frequently 
the permeability in the radial direction is larger than 
that in the vertical direction, and usually the permeabil- 
ity in both directions decreases with depth. Though 
these effects seriously complicate the analysis of flow 
behavior by conventional methods, they provide no 
great difficulty for the analog. Since each resistor in the 
resistance network simulates the flow resistance of a 
specific vector volume of the formation, and since sepa- 
rate resistors are used to represent vertical and radial 
flow resistances, it is only necessary to adjust the appro- 
priate network resistors to the proper values. 

Occasionally so-called shale lenses are present in the 
formation. These comprise thin layers of impermeable 
material and are considered effective in suppressing the 
water coning phenomenon. Such lenses, provided they 
are symmetric with the well axis, may be simulated by 
introducing a boundary into the network as illustrated 
in Fig. 11. 

If the upper boundary of the oil zone, rather than 
being impermeable, consists of a gas saturated sand the 
phenomenon known as gas coning is likely to occur. 
Here as a result of the pressure gradients in the oil flow 
region, the gas-oil interface will curve downward to- 
wards the well and will comprise a free surface stream- 
line. In this case the pressure at the gas-oil interface is 
everywhere the same and equal to the pressure in the 
gas zone, so that the potential, d(h, r), is again propor- 
tional to the height of the interface above the reference 
level. By connecting the computer units to the upper 
boundary of the resistance network, instead of the lower 

boundary as shown in Fig. 8, the shape of the gas cone 
may be determined in precisely the same manner as that 


of the water cone. The same type of treatment is also — 


effective in studying gravity drainage problems imporiant 
in irrigation as well as reservoir engineering. — 
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Fic. 11—MopIFIcaTION OF RESISTANCE NETWORK TO 
SIMULATE SHALE LENSE. 
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ABSTRACT 


A reservoir mechanism of sulfur recovery by the 
Frasch process is presented. Improving the economics 
of recovery appears to be largely a well, rather than a 
reservoir problem. A most important factor is the limi- 
tation of the lateral extraction of sulfur about the wells 
due to the almost vertical flow of the injected hot waiter. 
Model studies are described which confirm the mecha- 
nism of sulfur recovery by presently used methods. 
Studies on a five-spot system indicate improved econom- 
ics regarding recovery, recovery rate, thermal efficiency, 
and well spacing. 


UCL LON 


Sulfur mining by the Frasch process is one of the 
most important methods of sulfur production. Devel- 
oped by Herman Frasch in 1894, it enjoyed a rapid 
growth and presently supplies 40 per cent of the world’s 
sulfur and about 80 per cent of the U. S. sulfur.” The 
Frasch process of mining the underground native sulfur 
deposits involves melting the sulfur in place by intro- 
ducing super-heated water into the sulfur bearing forma- 
tions, and producing the sulfur as a liquid. Many prob- 
lems are encountered in mining these native sulfur de- 
posits, and sulfur production depends chiefly upon the 
nature of the sulfur deposit and the underground ther- 
mal efficiency of the heat transfer system. 


THE RECOVERY MECHANISM 


Sulfur is typically found in salt dome cap rock as 


%6References given at end of paper. 
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be in the form of a new paper. 


246 


crystal aggregates occurring within the cavities, seams, 
and pores of limestone and gypsum formations.” Sulfur- 
bearing limestone is typically cavernous, vugular, and 
fractured. Porosity averages about 20 per cent and sul- 
fur saturation averages approximately 25 per cent by 
weight.”” The sulfur bearing formations are very hetero- 
geneous in nature and physical characteristics vary 
widely within small distances. Total cap rock thickness 
may vary from 50 to more than 1,000 ft, and net pro- 
ductive thicknesses from a few feet to a few hundred 
feet. In most cases the upper portion of the limestone 
formation is barren of sulfur, varying from 5 to 200 ft 
in thickness.” The immediately overlying sediments 
and the underlying dense anhydrite formation provide 
permeability barriers to the flow of water from the cap 
rock section.” 

Sulfur wells are drilled with conventional oilfield drill- 
ing rigs. Fig. 1 illustrates the casing program of a com- 
pleted sulfur well. The cap rock sections are drilled with 
core bits and continuous core logs are recorded. After 
coring, the cap rock section is underreamed to a diam- 
eter of 9% in. The bottom of the 8-in. casing is welded 
closed and rests on the bottom of the drill hole, which 
extends through the cap rock to a few feet above the 
bottom of the sulfur-bearing formation. The 8-in. pipe 
contains 5 ft of 34-in. perforations on 6-in. centers and 
15 ft of l-in. perforations on 1-ft centers. The 20-ft 
perforated section is set opposite the lower 20 ft of the 
sulfur-bearing formation. The 4-in. sulfur pipe is set 
inside the 8-in. water line on a seat ring at the top of 
the 5-ft section of %4-in. perforations. The mining 
water, heated to about 330°F under a pressure of 250 
psi, is forced down the annulus between the 8-in. 
and 4-in. pipes and through the 1-in. perforations to the 
sulfur-bearing formation. Compressed air, at 400 psi 
pressure, is supplied through a 1l-in. air line near 
the bottom of the well to provide air-lift of the liquid 
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sulfur. Molten sulfur flows through the 34-in. perfora- 
tions and into the 4-in. pipe, where it is air-lifted. Pro- 
duced sulfur flows through insulated, steam-jacketed, 
4-in. flowlines to a relay station for metering and pump- 
ing to storage, shipping, or filtering. 

Water bleedwells are drilled to relieve the reservoir 
pressure by removing the excess mining water from the 
cap rock. They are preferably located where the tem- 
perature of the bleedwater will be lowest in order to 
minimize heat loss through bleedwater extraction. Bleed- 
wells are generally located from 500 to 3,000 ft away 
from producing wells and extract the water from the 
lower cap rock sections.” 

At the Grande Ecaille dome in South Louisiana, the 
sulfur reservoir exists along the top of a relatively flat 
dome; and excess mining water is bled, at an average 
temperature of about 120°F, from wells located near 
the flanks of the cap rock. The case was somewhat dif- 
ferent at Hoskins Mound, where the sulfur deposits were 
located along the steeply dipping flanks of the cap rock. 
Bleedwells were located both down-flank from the sul- 
fur deposits and in the center of the dome, and the latter 
wells produced water at temperatures ranging from 220 
to 250°F. Bleedwater is highly corrosive and a stream 
pollutant, and must be treated before disposal. Reclama- 
tion and re-use of bleedwater as a mining fluid is possi- 
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ble, as done at Hoskins Mound dome in Texas, if the 
water temperature is high enough to warrant an econom- 
ical system of treating and re-heating.® At offshore 
mines, systems have been designed to operate with sea- 
water.’ 

Well spacing is primarily governed by the variations 
in sulfur saturation of the different areas. Original well 
spacing at Grand Ecaille averages 125 ft between wells, 
and additional wells are filled in to an ultimate spacing 
of approximately 50 ft. The close well spacing necessary 
for depletion is an indication of the limited lateral ex- 
traction of sulfur.’ 

Production from a typical sulfur mine may vary con- 
siderably depending on the size, richness, and formation 
conditions of the deposits. Sulfur produced from salt 
domes is exceptionally pure and generally contains less 
than one half of 1 per cent impurities.’ The ultimate 
recovery expected from salt dome sulfur deposits may 
reach as high as 75 per cent of the total sulfur reserves. 
Individual wells vary widely in production rates and an 
average sulfur well is difficult to define. A good well 
produces 15 to 20 long tons per hour, or about 1,100 to 
1,500 B/D. Some wells may produce sulfur at high 
rates at the expense of neighboring wells. The water 
per ton ratio, or ratio of the gallons of injected hot water 
per ton of produced sulfur, varies from as low as 1,000 
to greater than 20,000 gal/ton. 

Upon entry into the sulfur formation, the hot water 
meets the colder formation water, rises due to the den- 
sity difference between the two fluids, and transfers heat 
to the formation and the sulfur. The molten sulfur flows 
countercurrently downward through the formation,” and 
collects in a pool around the bottom of the wellbore. In 
well completion operations hot water is usually injected 
for about 48 hours to provide an effective sulfur seal 
to prevent water production. 

It is generally believed that the hot water rises to the 
top of the barren cap rock with very little lateral move- 
ment; thus the sulfur melting zone takes the shape of an 
inverted cone. Temperature surveys and cores from new 
wells give evidence of hot water caps which extend 
over wide areas. These cores frequently show leaching 
and heating within the upper part of the sulfur horizons, 
sometimes as much as 1,500 ft from the closest steaming 
wells and on the opposite side of the steaming wells 
from the bleedwells. 

Sulfur extraction forms additional cavities and voids 
which weaken the formation. Subsidence of the over- 
burden frequently occurs and closes the voids and cavi- 
ties. This generally improves recovery by diverting the 
heated water to unleached portions of the reservoir. 


PROBLEMS OF SULFUR MINING BY 
THE FRASCH PROCESS 


The problems of sulfur mining may be divided into 
two distinct types, surface and reservoir problems. The 
surface problems include drilling techniques, adequate 
water supply, power plant efficiency, equipment and 
piping installation and maintenance, bleedwater treat- 
ment and disposal or re-use, fuel supplies, and storage 
and shipping methods. Most of the surface problems are 
thoroughly discussed by the authors cited.*°°""""™ Res- 
ervoir problems include method of heat transfer, subsi- 
dence, corrosion, and the sulfur melting pattern, which 
are described as follows. 

The underground thermal efficiency of the Frasch 
process is of the order of 5 per cent,” due to enormous 
heat losses to the barren formation, to the overlying sedi- 
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ments, and to the bleedwater. The thermal efficiency for 
a well producing at an optimum water ratio of 1,000 
gal/ton is calculated as follows: 
Thermal efficiency = 
CT, 
Efficiency = 
(2,240 0.181 + 6,720 X.0.214) (246.1 — 100) 
+ 2,240 (23.7) 
1,000 X 7.47 X 1.0 (330 — 100) 
Efficiency = 0.188 or 18.8 per cent 


W, = 2,240 lb, weight of sulfur, 1 long ton 

C, = 0.181 Btu/lb/°F, heat capacity of solid sulfur 

W, = 6,720 1b, weight of limestone rock associated 
with 1 long ton of sulfur, assuming a sulfur sat- 
uration of 25 per cent by weight and a lime- 
stone saturation of 75 per cent by weight 

C. = 0.214 Btu/lb/°F, heat capacity of limestone 
rock 

T. = 246.1 °F, usual melting point of sulfur 

T, = 100 °F, average initial formation temperature 

L = 23.7 Btu/lb, latent heat of sulfur 

V = 1,000 gal, volume of injected water 

d 7.47 lb/gal, density of water at mine water tem- 

perature 

c = 1.0 Btu/Ib/°F, heat capacity of liquid water 

330 °F, mine water temperature 

This calculation is based on the assumption that the 

heat expended in raising the temperature of the lime- 

stone associated with 1 long ton of sulfur is useful 

heat, because the entire volume of sulfur-bearing rock 

must be heated to the melting point of sulfur. Assum- 

ing any heat other than that used to actually melt sul- 

fur is wasted, a thermal efficiency of 6.54 per cent is 

calculated. At 20,000 gal/ton, these efficiencies become 

0.94 and 0.38 per cent respectively. 

The use of water as a heating medium appears to 
be the only practicable one at present; however two 
alternate methods of applying heat will be considered. 
Electric bottom-hole heaters have been used in pro- 
ducing high viscosity oil.” The use of these heaters in 
sulfur wells appears to be impractical because the 
amount of heat required to melt sulfur at the rate of 
20 long tons per hour, at 100 per cent thermal effi- 
ciency, requires an electric output of 659 kw, which is 
far beyond the maximum capacity of the bottom-hole 
heaters in use today.” Further, assuming conduction is 
the means of heat transfer, calculations show that ex- 
tremely high heater temperatures are required to pro- 
duce the necessary flow of heat. This would result in 
vaporization of sulfur and water in the wellbore and 
subsequent corrosion difficulties, or in extremely high 
sulfur viscosity in the reservoir (see Table 1). This 
would be true even if water convection plays a large 
part in the heat transfer. 

Another method of underground heating used in oil 
reservoirs is in-situ combustion, or underground burn- 
ing of a part of the combustible materials that saturate 
the formations. The heat of combustion of sulfur is 
about 4,000 Btu/Ib; so that 28 lb, or 1.25 per cent, of 
the sulfur is required to melt, at 100 per cent efficiency, 
1 long ton of formation sulfur. The difficulty in con- 
trolling the sulfur combustion and its combustion 
gases appears to be appreciable. 

Extraction of sulfur from the sulfur-bearing rock 
leaves additional voids within the formation. At cer- 
tain times during the course of the mining operation, 
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TABLE 1—PHYSICAL PROPERTIES OF SULFUR AND 
PARADICHLOROBENZENE™®: 


Sulfur Paradichlorobenzene 
Melting point 
SIF. 246.1 128 
Specific gravity 
3 solid 1.96 1.458 
liquid 1.80 (250 °F) 1.23 (158 °F) 
Viscosity 
ounds/second-ft 
250) 0.0075 0.0005 (142 °F) 
ate 62.7 
at 600 °F 1.0 
Boilin oint, at atmospheric pressure 
341 
Latent heat of fusion 
Btu/Ib 
Heat capacity, solid, 
Btu/Ib-°F 0.181 0.219 
Thrmal conductivity, solid, 
Btu/ft-hour-° F 0.09 — 0.096 


portions of the cap rock are weakened by the creation 
of these voids and the cap rock collapses under the 
pressure of the overburden. This requires initial loca- 
tion of the perraanent installations to be remote from 
the mining area. Wells located in the area of subsidence 
are likely to suffer casing collapse and/or shearing of 
the pipe. Subsidence damage is one of the primary 
causes for well abandonment. 

Corrosion is an important factor in the maintenance 
of sulfur wells and bleedwells, and together with sub- 
sidence causes most abandonments. Corrosion in sul- 
fur wells is most severe when water vapor accompa- 
nies sulfur and air in the producing string, as is the 
case when a sulfur well loses its seal to water flow. 


Probably the most important problem encountered 
in sulfur mining is the pattern of sulfur melting, which 
depends on the injection well spacing, the bleedwell 
location, the nature of the injected fluid, the design of 
the injection pipe, and the characteristics of the sulfur- 
bearing formation. The almost vertical rise of the in- 
jected hot water severely limits the gravitational drain- 
age radius, and in addition creates a hot water cap, 
which reduces the thermal efficiency through enor- 
mous heat losses to the overlying sediments. The drain- 
age radius or cone is extended laterally by injecting 
water at the lowest possible level. The use of a con- 
centrated salt brine solution as a high density mining 
fluid has given marked increases in both the lateral 
extraction of sulfur and the production rates, and also 
at higher thermal efficiencies. Hot brine was initially 
injected through the annular space between the 8-in. 
and 4-in. pipes and fresh water was injected through 
the 4-in. pipe until sulfur production commenced.” This 
is an expensive method and corrosion rates are high; 
therefore, this system is only used when warranted by 
absolute necessity.’ 


Drainholes and slant holes have been effectively used 
to increase the productivity of oil wells.” The effective 
use of such holes to increase the melting radius of sul- 
fur wells is questionable due to the fact that oil wells 
may be completed in open hole, whereas, sulfur wells 
necessarily are completed through cased hole. High 
angle directional wells have been drilled and completed 
as sulfur wells; however, difficulties in effecting a sul- 
fur seal and high corrosion rates have given little en- 
couragement. 

Sulfur-bearing limestone and gypsum formations are 
typically very heterogeneous in nature and have effects 
on the sulfur melting pattern that may vary widely. 
Large cavities and solution channels exist at random, 
primarily in the limestone and to a lesser degree in 
the gypsum. These voids and channels alter the flow 
of the hot water and in most cases, reduce the ef- 
fectiveness of the hot water movement. Injection of 
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large volumes of mud into these voids has served to 
aid the uniformity of hot water flow through the forma- 
tions.” Subsidence also offers material aid in closing 
these voids.” 

Bleedwell spacing is necessarily governed by the 
structure of the dome and the location of the commer- 
cial sulfur deposits and the bleedwater disposal pits. 
The spacing of bleedwells appears to have little effect on 
the over-all sulfur recovery, except where it may effect 
pre-heating of a unit prior to a well completion. Thus 
it would appear better to develop the reservoir success- 
ively toward, rather than away from, the bleedwell loca- 
tions. Potentiometric model studies have been used to 
trace fluid patterns in oil reservoirs.” This type of 
model is based on uniform formation characteristics, 
and therefore the results of studies on sulfur reservoirs 


would be less certain, but should generally support the. 


above conclusion. The non-uniformity of some bleed- 
well temperatures indicates the heterogeneity of the 
reservoir rock and therefore gross channeling of injected 
water. 

The economic recovery in tons per well (not tons 
per acre-foot) appears to be independent of well spacing 
as long as the sulfur melting patterns, or inverted cones, 
do not overlap between wells. For example, one well in 
40 acres would recover the same quantity of sulfur 
as one well on 20 acres, if the patterns did not over- 
lap; therefore the recovery per acre-foot on the 40- 
acre unit is only half that on the 20-acre unit. For a 
well to be economic, it must be completed in a deposit 
of sufficient richness and/or have a melting cone of 
sufficient lateral extent. Where patterns overlap, the 
ultimate economic well spacing will be least for the 
richer deposit and for the steeper cones of depletion. 
Close. well spacing increases the ultimate recovery of 
the deposit by combining the inverted cone patterns 
to produce the same effect as lateral extraction. 

Thus it appears that the problem of improving eco- 
nomic sulfur recovery is primarily an individual well 
problem rather than a reservoir problem. 


MODEL STUDIES 


Two sulfur well models were constructed to simu- 
late the conventional single-well system and the pro- 
posed two-well system. Certain simplifying assumptions 
were necessary for the construction of the models. It 
was assumed that: 

1. The sulfur-bearing formation can be represented 
by a uniform, homogeneous model reservoir. 

2. The circular boundaries of the model sufficiently 
approximate reservoir boundaries, which are presumably 
square. 

3. Paradichlorobenzene can be used to represent sul- 
fur. 

4. The use of %4-in. pipe without conformance to 
dimensional scaling has little, if any, effect on the re- 
covery mechanism. 

Paradichlorobenzene, C,H,Cl., was selected to repre- 
sent sulfur because it has a specific gravity high enough 
to produce gravity drainage, and it has a low melting 
point which does not require superheated water. Table 

‘1 lists the physical properties of sulfur and paradi- 
chlorobenzene. Pea gravel, capable of passing a %-in. 
screen, used to simulate the sulfur-bearing formation, 
provides a porous formation with a permeability high 
enough to permit thermal circulation of the injected 
water, and a grain size large enough to permit pore 
space saturation by the smaller paradichlorobenzene 
crystals. 
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The experimental models were designed to duplicate, 
on a small scale, sulfur wells in cylindrical reservoirs. 
A ratio of 1.56 between well spacing and the net 
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formation thickness was selected to approximate field 
values at Grande Ecaille. This represents a well spacing 
of 125 ft and a formation thickness of 80 ft. Figs. 2 
and 3 schematically illustrate the construction of the 
single-well and two-well models, respectively. The model 
reservoir was 224 in. in diameter and was filled to 
a depth of 14% in. with a uniform, unconsolidated 
mixture of gravel and paradichlorobenzene saturated 
with water. The paradichlorobenzene concentration was 
25 per cent by weight, which gave 68 Ib of paradichloro- 
benzene reserves. A 1-in. layer of gravel covered the 
top of the mixture, in order to simulate a layer of 
barren cap rock overlying the sulfur reservoir. 

Hot water was injected into the formation through 
a Y-in. pipe, which was perforated with 12 ¥%-in. 
holes on 14-in. centers. The perforated section was 1% 
in.. above the bottom of the formation to simulate water 
injection above the bottom of the sulfur-bearing forma- 
tion. The injection pipe was wrapped with two layers 
of window screen to represent the annular space ex- 
isting between the 8-in. water line and the 9%-in. 
borehole. 

The single-well system represents a conventional sul- 
fur well with the injection pipe located in the center 
of the drainage unit. The paradichlorobenzene was 
produced, for convenience, by gravity flow, rather than 
by air lift. Bleedwater drainage was from the top of 
the reservoir in the single-well system to simulate the 
drainage of bleedwater from the top of the cap rock. 

The two-well system, which is essentially one quad- 
rant of a five-spot network, incorporated an additional 
valve to provide drainage of bleedwater from a low 
point in the formation, thus simulating a system of 
bleeding and producing through wells alternately spaced 
with conventional wells. The hot injection water was 
supplied from a steam fed water heater at 160°F. As- 
bestos insulation was placed around the sides of the 
reservoir of the two-well system, as shown in Fig. 3, 
to compensate for the decreased heating radii around 
the respective wells and to prevent freezing of para- 
dichlorobenzene along the sides of the model reservoir. 

Experimental test runs were made for both systems 
at hot water input flow rates of 0.75 and 1.25 gal/min. 
Only the single-well system was tested at a rate of 0.25 
gal/min. Produced paradichlcrobenzene was collected 
in numbered, 1-gal buckets and weighed, after solidi- 
fying and removing any produced water. 

Table 2 lists the experimental results obtained from 
the model studies, which are presented in graphical 
form in Figs. 4 and 5. Ultimate recoveries were obtained 
by extrapolating the curves of Fig. 4. The production 
rates in Fig. 5 were obtained from slopes of the curves 
of Fig. 4. None of the curves showed true exponential 
or hyperbolic decline characteristics. 

A comparison of the two systems, Figs. 4 and 5, 
Clearly shows the improvement in the two-well sys- 
tem regarding both cumulative recovery and rate of 
recovery. While some uncertainty exists in the extra- 
polations to obtain ultimate recoveries, it does not ap- 
pear to be great. 

Observations of the models during test runs indicate 
the similarity of the recovery mechanisms of the model 
to those of a sulfur reservoir. Subsidence was noted 
to occur gradually. The inverted cone shape of the 
melting pattern around the injection well in both SyS- 
tems was readily apparent and in the two-well system 
an inverted cone was noticed to a smaller degree around 
the bleeding-producing well. Figs. 6 and 7 show the 
presence of heated and leached zones corresponding to 
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TABLE 2— EXPERIMENTAL RESULTS OF MODEL TEST RUNS 


Single-well System Two-well System 


Injection water flow rate Ih25 0.75 0.25 1.25 0.75 
gal/min 

Duration of test run 256 434 493 195 244 
minutes 


Cumulative recovery of 
paradichlorobenzene 
Ib 


44.97 41.15 18.31 59.30 52.65 
per- cent 66.1 60.5 26.9 87.2 77.4 
Ultimate recovery of 
paradichlorobenzene 
pounds 48.3 41.4 18.4 59.3 54.6 
per cent 60.9 | 87.2 80.3 
Cumulative heat transfer 
Btu 40,761 43,380 34,571 45,044 51,994 
Thermal efficiency 7.10 6.11 3.41 8.48 6.52 
per cent 


those of the sulfur-producing operation. The shape ot 
the inverted cone of the model study is very similar 
to that which is believed to exist around a sulfur well. 
While the tests indicate that, for this model, wider well 


spacing could be used with both the one-well and two-— 


well systems, Fig. 6 indicates that the two-well system 
can support relatively wider spacing. Studies to deter- 
mine the maximum limits of well spacing and the bene- 
fits of other well systems would be of interest. Table 2 
indicates, likewise, a greater thermal efficiency for the 
two-well system. 
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Laboratory tests showed that at elevated temperatures 
a reaction takes place between all metal hydroxides and 
clay muds, which results in a thickening or solidifying 
of the mud, the extent of which depends on the nature 
of the ingredients. Calcium hydroxide gave the strongest 
solidification whereas barium hydroxide only caused a 
mild thickening, indicating that the use of barium hydrox- 
ide muds instead of lime muds would be a good way of 
preventing high-temperature solidification. It was found 
possible to prepare barium mud in the laboratory with 
caustic soda and a thinner in the same manner as lime 
muds, and these barium muds had the same or better 
toleration of high solids content, resistance to salt con- 
tamination, and low gel strengths as the corresponding 
lime muds. 

Three field trials have been made with barium mud. 
The principal difficulty encountered was in determining 
the correct proportions of the tourly treatments re- 
quired to maintain low gel strengths. A satisfactory sys- 
tem was finally developed, and low gels were maintained 
throughout the third test. The wells on which the trials 
were made were not carried deep enough to test the 
resistance to solidification adequately, but oven tests at 
350°F were made periodically and no tendency to solidi- 
fication was noted except immediately after severe ce- 
ment contamination had introduced excessive amounts 
of calcium into the system. 

Although barium hydroxide costs considerably more 
than lime, the total mud costs were as low, and on the 
last well significantly lower, than the average cost of lime 
mud wells drilled in the vicinity. 


References given at end of paper. 

Manuscript received in Petroleum Branch office on July 12, 1956. 
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The advantages of repressing dispersion and hydra- 
tion of clay cuttings carried in the mud, particularly 
when drilling through thick clay formations, are well 
recognized. This repression is generally achieved by 
the use of lime, and lime muds have in consequence the 
desirable characteristics of high toleration of solids, low 
thixotropy, and good resistance to contamination. They - 
have, however, the disadvantage of high-temperature 
solidification. This phenomenon has been described in 
detail by Gray et al.," who have shown that it is the 
result of a chemical reaction between the hydroxides 
and the clay minerals. The work described in this paper 
was undertaken to find a substitute for lime which 
would not cause this solidification. 


LABORATORY EX PER NARS 


The principal positive requirement for a substitute 
for lime is that it should repress the hydration and dis- 
persion of clay. It is well known that monovalent ca- 
tions promote hydration while polyvalent cations re- 
press it. Therefore, a few representative polyvalent salts 
and hydroxides were tested to determine whether they 
could be used as substitutes for lime. Their efficiency at 
repressing hydration and dispersion was measured by 
means of the clay-volume test. It has been shown else- 
where’ that this test is a good measure of degree of dis- 
persion of clay in suspension and that hydration accom- 
panies and correlates with dispersion, so that measuring 
one measures the other. The test is made by centrifuging 
a 1:100 mixture of mud and 1-N NaCl and observing 
the volume of sediment—the greater the volume, the 
greater the dispersion. 


The tendency to cause solidification was measured 


by heating the muds in pressure vessels for 16 hours 
at 150°F and 370°F. An approximate quantitative 
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measure was obtained by holding a cone (2.54-cm- 
diameter base, 6 cm long, total weight 330 gm) with 
its point at the surface of the mud and allowing it to 
fall freely into the mud. The depth of penetration was 
then measured. 

Other relevant factors, such as the influence of the 
additives on the rheological properties and the concen- 
tration of cations in the aqueous phase, were measured. 

The results of these experiments may be summarized 
as follows. 


HIGH-TEMPERATURE REACTIONS 


1. All hyroxides, soluble or insoluble, reacted chem- 
ically with the clay minerals at elevated temperatures. 
When no inhibitor, such as quebracho, was present, the 
reaction took place at temperatures as low as 150°F. 
Table 1 shows the fall in alkalinity of clay (Texas sub- 


bentonite) suspensions treated with various hydroxides 


and heated. There was a similar fall in cation concen- 
tration in the solute phase, e.g., Ba‘ in the filtrate fell 
from 50 to 4 meq/liter after 16 hours at 150°F. 

2. Salts did not exhibit this high-temperature reac- 
iion. With the calcium salts tested, the Ca** in the fil- 
trate was virtually the same before and after heating. 

3. With all hydroxides except Ba(OH)., the high 
temperature reaction resulted in a strong thickening or 
solidification of the mud. With Ba(OH)., only a mild 
increase in gel strength occurs. This is illustrated in 
Table 2, which shows the cone penetrations after heat- 
ing. Calcium and barium hydroxide were further tested 
on a wide variety of clays, and it was found that 
Ca(OH). always caused solidification, whereas the 
barium hydroxide muds showed at the most only a slight 
increase in gel strength, except when the base clay was 
kaolinite and in this case solidification did occur. 
Ba(OH).-treated muds were also heated for periods up 
to one month and remained just as fluid. It is apparent 
that the products of the reaction between Ba(OH),. and 
the clay minerals do not have the cementing properties 
given by lime and other hydroxides. 


INHIBITION OF HyDRATION AND DISPERSION 


Table 3 shows the clay volumes obtained when pow- 
dered clay, the compound to be tested, and water were 


vigorously mixed together in a colloid mill. The conclu- 


sions drawn from these and similar tests follow. 


1. In general, the greater the solubility of the com- 
pound, the lower the degree of dispersion. 


TABLE 1—LOSS OF ALKALINITY AT ELEVATED TEMPERATURES 
10 |b/gal clay mud treated 1,200 meq/liter hydroxide 
- Alkalinity (Standard API Method) cc 


Before Heating After 16 hours After 16 hours 
Hydroxide 150°F 370°F 
Sodium Hydroxide 43 42 16 
Calcium Hydroxide 37 26 19 
Strontium Hydrogide 45 — 24 
Barium Hydroxide 37 = 32 2 
Magnesium Hydroxide 36 — 2 


TABLE 2—EFFECT OF HIGH TEMPERATURE 
10 |b/gal mud made from Texas bentonite + 1,200 meq/liter of reagent 
Cone Penetration 


Reagent cm Remarks 

Heated 16 hours 150°F 
None S16 No apparent change 
Ca(OH)z 0.3 Solidified 
Ba(OH)2 = : No apparent change 
Sr(OH)2 3.0 Thick plastic 

Heated 16 hours 370°F 
None >6 Slight increase in gel strength 
CaCle >6 Slight increase in gel strength 
CaSO4 >6 Moderate increase in gel strength 
CaCOz >6 Moderate increase in gel strength 
Ca(OH)2 0.3 Solidified 
Ba(OH)2 >6 Slight increase in gel strength 
Sr(OH)2 Thick plastic 
Mg(OH)= Thick plastic 
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CLAY VOLUME cc 


2. As a class, hydroxides prevent dispersion better- 
than salts, e.g., Ca(OH). gave almost as low a clay 
volume as the much more soluble CaCl.. 


3. Ba(OH). is more efficient than Ca(OH), in pre- 
venting dispersion, partly because of its higher solubility 
and partly because it is lower in the lyotropic series. 


IONIC CONCENTRATION IN THE AQUEOUS PHASE 


The use of soluble salts to repress dispersion neces- 
sarily involves a considerable concentration of ions in 
the aqueous phase. With hydroxides, on the other hand, 
ionic concentrations are low. For example, when a series 
of suspensions were prepared with clay and increasing 
amounts of Ba(OH)., the minimum clay volume was 
reached when 200 meq/liter of Ba(OH), had been 
added (approximately the base-exchange capacity of 
the clay present). At this point, there was only 16 
meq/liter of Ba** in the filtrate (see Fig. 1). Further- 
more, the heat reaction removes excess Ba(OH),. so 
that even with amounts of Ba(OH), added up to 400 
meq/liter, there were only a few meq/liter in the filtrate 
after the mud had been heated for 16 hours at 150°F. 


TABLE 3—INHIBITION OF HYDRATION AND DISPERSION AND 
RESPONSE TO THINNERS 
250 gm Texas subbentonite, 500 cc water, 200 meq of compound 
No 
Treatment CaCle CaSOs4 CaCO3 Ca(OH)2 Ba(OH)2 Sr(OH)2 Mg(OH)2 


Clay Vol. 
cc De, 0.8 Ts: 2.0 0.9 0.7 0.9 15 


Initial gel ae 
strength Too High 23 47 135 19 21 25 Too High 
1b/100 sq ft 

Initial Gel 

after treatment , 

with 2 Ib/bbl — 27 77 68 2 2 a 5 
NaOH and 4 Ib/bbl 

Quebracho 


BEFORE HEATING 


——-—-— AFTER 16 HOURS I50°F 
100;— 


40}- 


meq/liter Bat+ IN FILTRATE 


O 100 200 300 400 500 600 
meq/liter Ba(OH), ADDED 


Fic. 1—CONCENTRATION OF BARIUM IONS IN FILTRATE. 
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RHEOLOGICAL PROPERTIES 


The rheological properties of hydroxide-treated sus- 
pensions, particularly after treatment with the com- 
mon thinners, such as tannates and lignites, were much 
better than the salt-treated suspensions (see Table 3). 
This appeared to be partly because of the lower ionic 
concentrations in the aqueous phase and partly because 
the OH ion is compatible with the thinners. 


SELECTION OF BARIUM HYDROXIDE 
AS A SUBSTITUTE FOR LIME 


In order to avoid high-temperature solidification, the 
choice had to be between a Ba(OH)., and a salt. Of 
these, Ba(OH). was preferred because of the easier 
control of the rheological properties and the advantages 
of low ionic concentrations for electric logging. 


LABORATORY TESTS ON BARIUM 
HYDROXIDE MUDS 


A comparison between barium hydroxide and lime 
muds was obtained by making up a number of muds 
identical except that Ba(OH). was used instead of 
lime. The amount of Ba(OH),. or lime to use was de- 
termined by adding increasing amounts to pilot samples 
and making clay-volume tests. The amount required to 
bring the clay volume to a minimum was used in mak- 
ing up the final mud. An example of the comparison 
between the two muds is given in Table 4. It can be 
seen that the properties, except for the high-temperature 
behavior, are virtually identical. 

Similar comparisons were made with other base muds. 
The conclusions from the laboratory work on barium 
muds were: 

1. The characteristics of barium and lime muds were 
basically the same, except for the high-temperature be- 
havior. 

2. With strongly hydratable clays, considerably lower 
clay volumes could be obtained with Ba(OH).. 

3. The danger of high gel strengths because of over- 
treatment was considerably greater with Ba(OH). be- 
cause of its greater solubility. However, the temper- 
ature prevalent in all but shallow wells would be ade- 
quate to reduce the excess. 

4. If a barium mud is seriously contaminated with 
Ca**, it will tend to solidify at high temperatures. 


ELE 


Barium hydroxide muds have been used in drilling 
three abnormally pressured wells in Iowa field in South- 
west Louisiana. The muds were broken over after setting 
9%~-in. casing at about 9,300 ft and carried to the 
total depth, which range from 10,943 ft to 12,692 ft. 
The formations penetrated were hydratable clays and 


TABLE 4—COMPARISON OF BARIUM HYDROXIDE AND LIME MUDS 


10.6 Ib/gal well mud from Weeks Island, Louisiana, treated with 2 Ib/bbl 
NaOH, 2 Ib/bbl carbonox, hydroxide as shown below, 6 Ib/bbl starch, 
and barites to bring to 16 Ib/gal. 


7 5 Ib/bbI 


Properties Ba(OH)2 8 HxO Ca(OH)> 
RHEOLOGY 
Plastic Viscosity, cps 110 100 
Initial Gel Strength, 1b/100 sq ft ] 
5 min Gel Strength, 1b/100 sq ft 4 4 
API Filter Test, cc in 30 min 7.0 5.4 
Clay Volume, cc es 


TOLERANCE TO SOLIDS. (Amount of clay that 


could be added before gel strength became 20% 20% 

excessive.) 
STABILITY SALT. Initial gel strength after 18,000 

ppm NaCl had been added, |b/100 sq ft Os 2 
HIGH-TEMPERATURE STABILITY. Extra hydroxide 

added. 16 hours 370°F cone penetration, cm 6 4.5 
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shales of Oligocene age. Wells of moderate depth were 
selected for these trials in order to gain experience in 
handling a new mud at minimum risk. The conclusions 
from these trials follow. 


BREAKOVER 

The mud can be broken over in the same manner 
as a lime mud. No particular difficulty was encountered, 
though rather more water than is usual with lime muds 
was required. 

The amount of barium hydroxide (added as the pen- 
tahydrate in all field trials) for conversion was deter- 
mined by the clay-volume test. Although the amount 
can be determined by pilot testing as is normally done 
in lime breakovers, the clay-volume test was preferred 
in order to obtain a minimum degree of dispersion. 

In making a lime or barium mud in the laboratory, 
it has been found that a lower degree of dispersion and 
eventually better flow properties are obtained if the lime 
or barium hydroxide is added first. Accordingly, on 
these trials barium pentahydrate was at first added by 
itself until rising viscosities made it imperative to start 
the caustic and thinner. 


FIELD TESTING PROCEDURES 
The following tests provided basic information for 
controlling the mud. 


CLAY-VOLUME TEST 


The clay volume was found to change only slowly 
from day to day, and was, therefore, only of limited 
use in determining the daily maintenance treatments. 
However, when the solids content had reached a con- 
stant level, a rising trend in the clay volume was found 
to be a good indication that the proportion of pentahy- 
drate should be increased. Experience on the initial 
well showed that it was advisable to correct a rising 
trend in clay volume even though this might cause a 
temporary increase in viscosity and gel strengths. In 
general, however, treatments that maintain low clay 
volumes result in good flow properties. 


ALKALINITY OF FILTRATES 


Since barium pentahydrate is relatively soluble, it 
has far more influence on the filtrate alkalinity than 
does lime, therefore, with a barium mud the filtrate 
alkalinity cannot be used to estimate the caustic soda 
requirements as is done with a lime mud. In practice, 
caustic soda additions were increased if the amount of 
Ba(OH), added (which was determined by other con- 
siderations) did not maintain the desired alkalinity. 


BARIUM ION CONCENTRATION IN THE FILTRATE 


The barium ion concentration was determined by a 
turbidity method using a Nalco photoelectric cell. The 
reliability of the test was greatly decreased when the fil- 
trate became strongly colored with quebracho or other 
thinner. Some improvement could be obtained by adding 
enough dilute HCI to just discharge the red color and 
centrifuging out the resulting precipitate. 

Because of these limitations no great significance was 
attached to the value obtained for Ba** concentration, 
but the test was useful in providing assurance that there 
were a few meq/liter of Ba in the filtrate. 


DIFFICULTIES ENCOUNTERED 


On several occasions during the first two trials high 
gel strengths developed due to the lack of experience 
in prescribing the proper quantities of chemicals for 
the tourly maintenance treatments. The absolute quan- 
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tities did not seem to matter so much as the propor- 
tions of caustic soda, thinner, and pentahydrate, one to 
the other. There was no test which could be relied on 
to indicate when the proportions were wrong or how 
they should be adjusted, so in the third trial a system 
was adopted whereby the pentahydrate was added tourly 
by itself, using the clay-volume test and the Ba‘ in 
filtrate as guides for quantity. When the gel strength 
started to rise, which might not be for several days, 
thinner and caustic soda were added in amounts deter- 
mined by pilot tests. Caustic soda was also added to 
maintain the filtrate alkalinity, as experience in the 
first two wells suggested that this should be kept within 
the range of 3 to 5 cc. This system proved very satis- 
factory, and low gel strengths were maintained through- 
out the third trial. 


Difficulty was also encountered with high gel strengths 


during the latter part of the first trial due to exception-— 


ally heavy cement contamination resulting from side- 
tracking operations. Laboratory tests showed that this 
contamination was great enough to cause solidification 
at 370°F and that the best remedial treatment was to 
swamp out the Ca ion by adding excess of barium 
pentahydrate with caustic soda and quebracho as re- 
quired to reduce the gel strength. 

During the latter part of the first trial, large quan- 
tities of starch were required for water-loss control. 
After laboratory testing had indicated its superiority 
CMC was used instead of starch with excellent results. 
Only 200 lb of CMC were required during a 26-day 
period to maintain a water loss of 3.6 to 4.8 cc. 


CONTROL DATA 


‘During the third trial, the following average proper- 
ties were maintained: a 


Density 16.5 Ib/gal 

API Funnel Viscosity 50 sec 

Water Loss 4 cc 

Plastic Viscosity 35 cp 

Yield Point 25 |Ib/100 sq ft 
Initial Gel 0 Ib/100 sq ft 
10 Min Gel 10 Ib/100 sq ft ~ 


Filtrate Alkalinity 
Bat+ Concentration 
Average daily additions were: 


100 sacks barites 

50 Ib caustic soda 

150 Ib thinner 

350 Ib barium pentahydrate 
5 Ib CMC 


Costs 

Mud costs for three trial wells were $2.75 (to 11,000 
ft), $2.54, and $2.01/ft. This compares with $2.95 
for average lime mud to comparable depths in this area. 


ice 
2.5 meq/liter 


FUTURE DEVELOPMENT 

Since barium muds were developed the interest in 
high solids muds of this type decreased. This is partly 
because of the increasing application of mechanical 
treatment and partly because a high solids content is 
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not conducive to high rates of penetration. However, ~ 
there is still a large potential use for barium hydroxide 
in drilling muds. In the first place, it is not always 
feasible or economical to use mechanical treatment. In 
the second place, although barium mud was developed 
primarily as a high solids mud, it is not limited to 
such use. The solids content can be held at any desired 
level by increasing the amount of water used for break- 
over and maintenance and decreasing the amount of 
caustic soda and thinner. This will involve the use of 
larger amounts of CMC, but the lower solids content 
will make the mud easier to handle, and consumption 
of caustic soda and thinner will be less. This procedure 
can be carried to the point where large quantities of 
water are used and no caustic soda or thinner. In other 
words, the mud becomes a low solids CMC mud, except 
that enough Ba(OH), is used to maintain a few 
meq/liter of Ba** in the filtrate. The particular advantage 
of using Ba(OH). in such muds is that it keeps the 
solids content low by repressing the dispersion of the 
drill cuttings. The addition of Ba(OH). to sea water 
muds would offer a similar advantage. Lime mud cannot 
be used in these applications because as shown earlier in 
this paper difficulties with solidification occur at com- 
paratively low temperatures when no quebracho or 
other inhibitor is present. _ 

Another new development is the introduction of a com- 
mercial thinner that does not require NaOH to solubilize 
it. Laboratory tests indicate that the use of this material 
in barium muds-instead of NaOH and quebracho makes 
control of the gel strengths simple and gives stronger 
repression of dispersion. 


CONCLUSIONS 

Barium hydroxide can be used as a substitute for 
lime in lime muds. It has the following advantages: 
(1) strongly represses hydration and dispersion; (2) 
does not cause high temperature solidification; (3) low 
concentration of ions in the aqueous phase; and (4) 
low gel strengths may be obtained with the common 
thinners. 

It is also suitable for repressing dispersion in other 
types of mud. 
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The bottom water drive analysis presented by Muskat 
has been extended to include fields with wider well 
spacings. Curves are presented from which volumetric 
sweepout, water-oil ratio, and rate relations may be cal- 
culated. The effects of non-unity ratios on sweepout effi- 
ciency and productivity decline have been studied by 
an approximate method. Also, the effect of gravity on 
volumetric sweepout has been approximated for a par- 
ticular geometry. 


The purpose of this paper is to report work done in 
applying the analysis of bottom water drive reservoirs 
given by Muskat’ to a larger class of reservoirs, to ex- 
tend this analysis to include the effects of gravity and 
non-unity mobility ratios in an approximate manner, 
and to investigate the rate of decline of productive 
capacity. 

The bottom water drive type reservoir is one where 
the oil is underlain by a water zone of sufficient thick- 
ness that water movement is essentially vertical. This 
system is defined in more detail in the appendix and a 
one well element is shown diagrammatically in Fig. 1. 


Muskat obtained solutions to the equations describ- 
ing the volumetric displacement efficiency of idealized 
bottom water drive systems by assuming that gravity 
effects due to differences in density between oil and 
water were negligible and that the mobilities of oil 
and water were the same. If either of these assumptions 
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is not made, the complexity of the system makes an 
analytical solution well nigh impossible at the present 
stage of mathematical development. Coles and Stade* 
developed an approximation to consider these factors. 
The authors have refined approximations, starting with 
the same basic assumption, which should give a some- 
what quantitative picture of bottom water drive per- 
formance when mobilities are not equal and the effects 
of gravity are not negligible. The results of these ap- 
proximate calculations can then be used to obtain the 
decline in well productivity as the field is depleted. 


le DRAINAGE BOUNDARY WELL RADIUS = Tw 


TOP OF OIL ZONE 


WELL PENETRATION) 
b 
OIL 
h 
| w/o | 
| | 
| | 
| "Nit, | 
AL WATER | 
WATER 


Fic. 1—IDEALIZED BOTTOM WATER DRIVE SystTEM. 
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Since it has been found in practice that spacings 
greater than those covered in Muskat’s paper are 
encountered, the range studied has been increased. 
Spacings beyond the range presented here can be taken 
into account with a simple extrapolation formula. 


A more detailed discussion of the assumptions made 
to define the bottom water drive system and to approxi- 
mate the effects of non-unity mobility ratios and of 
appreciable relative gravity gradients is included as an 
appendix. 

In principle, with modern computing techniques, so- 
lutions to these problems can be obtained with any de- 
sired degree of accuracy. However, since gross assump- 
tions must be made to define the reservoir at all, it is 
believed that the simplifying assumptions made here 
will lead to sufficient engineering accuracy for predict- 
ing field performance. The errors in the approximations 
will increase for more extreme changes in mobility 
ratio or rate, and hence further extension is not rec- 
ommended. 


For the sweepout efficiency calculations, two para- 
meters define the geometry of the system. These are 
the spacing parameter, ap, which is the ratio of the dis- 
tance between wells to the oil zone thickness corrected 
for the ratio horizontal to vertical permeability, and the 
penetration parameter, x», which is one half the frac- 
tional penetration of the well into the oil zone. For de- 
fining results, the actual per cent penetration may be 
used equally well; but for the original calculations, the 
Xp parameter is more convenient. 


WU 


Calculations of water-oil ratio as a function of vol- 
umetric sweetpout efficiency have been made for mo- 
bility ratios (ratio of water mobility at residual oil to 
oil mobility) of 2, 1, and 0.33, spacing parameters, 
ap, Of 12, 6, and 2.25, and penetrations of 25, 50, and 75 
per cent (Xp of 0.125, 0.25, 0.375). The resulting curves 
are presented in Figs. 3, 4, and 5. 


For convenience in obtaining an understanding of- 


the physical meaning of this spacing parameter, ap, Table 


( DIAGRAM NOT QUANTITATIVE ) 
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1 presents a few field geometry values that will lead to 
the particular studied. 

As can be seen from these plots, the per cent of the 
oil in place, which can be recovered by the time an 
abandonment water-oil ratio is reached, increases as 
dp OF Xp, the penetration parameter, decrease. That is, 
the smaller the well spacing, the thicker the oil zone, 
the greater the ratio of horizontal to vertical permeabil- 
ity, and the smaller the well penetration, the greater 
will be recovery provided water-oil ratio and not pro- 
ductivity, determines abandonment. Gravity effects were 
assumed negligible in calculating the water-oil ratio 
curves so that these results are independent of rate. 

The effect on recovery of pressure drops sufficiently 
small to make gravity effective has been investigated 
for a mobility ratio of 1, ap of 6, and xp of 0.25 (50 
per cent well penetration). Fig. 6 shows the effect of 
gravity on the water-oil ratio volumetric sweepout ef- 
ficiency relationship. The parameter investigated is 


AP 
(h — b) Ap 
for a constant rp,, the well radius parameter, of 0.0006. 
For values of G greater than 35, gravity effects are 


C= 


TABLE 1—FIELD VALUES FOR SPACING PARAMETER 
Horizontal Permeability 


ap Spacing Thickness Vertical Permeability 
dimensionless acres per well ft dimensionless 
225) 20 415 1 
42 100 
40 293 
59 100 
80 83 100 
6 20 156 1 
78 4 
40 220 1 
55 16 
80 156 4 
78 16 
160 110 4 
55 16 
12 20 78 1 
40 110 J 
55 4 
80 156 1 
78 4 
160 220 1 
55 16 
22 100 
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practically negligible for this case. For example, a well 
with a radius of 0.5 ft penetrating halfway into an oil 
zone 208 ft thick with a horizontal to vertical per- 
meability ratio of 4:1 would yield this value of rw. 
Then for a water-oil density difference of 0.1 psi/ft, a 
drawdown of 350 psi or greater would make any 
gravity effects negligible. For this case and a 10 md 
horizontal permeability, the limiting initial flow rate 
would be about 300 B/D. For lower values of G, grav- 
ity will influence sweepout. The calculation made shows 
about 13 per cent additional recovery at a water-oil ra- 
tio of 15 and G = 3.7, or for the above example, an 
initial rate of 35 B/D. It should be noted, however, that 
the approximation made is believed to be valid only in 
indicating when gravity effects begin to become non- 
negligible, G = 35. The curve for G = 3.7 in Fig. 6 
indicates only order of magnitude of the gravity ef- 
fect as the approximation is less valid for lower G. 

The above discussion should not be interpreted to 
indicate that appreciable increases in recovery could be 
obtained by producing at lower rates, especially since 
300 B/D is a fairly high flow rate. Some further com- 
ment on this subject is warranted. An examination of 
the decline in productivity shows that if G is kept at 
3.7 the flow rate would drop to 10 B/D at a sweepout 
of 24 per cent. Then if the well were kept open, but 
at a rate of 10 B/D, G would have to increase from 
this point on. 

On the other hand, if the oil flow rate is kept con- 
stant at 35 B/D starting with an initial G of 3.7, G 
would increase rapidly after water breakthrough. The 
dotted curve (Fig. 6) for constant flow rate presents 
the sweepout water-oil ratio behavior for this situa- 
tion. While these results apply to a particular geometry, 
they do indicate the order of magnitude of the gravity 
effect for any geometry. 

Thus, producing at a much lower constant flow rate 
will not appreciably increase the sweepout as com- 
pared to producing at a higher flow rate. Furthermore, 
if it is desired to take advantage of those gravity ef- 
fects available, producing at a high flow rate early 

a-6 

182.3. 123 
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0 | | 
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Fic. 4—BoTTOM WATER DRIVE PERFORMANCE EFFECT 
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and cutting back later will lead to at least as much 
sweepout at any given time as producing at a low rate 
from the beginning. 

Of the variables involved in the analysis of a bottom 
water drive system, the most difficult to obtain is k,/k,, 
the ratio of horizontal to vertical permeability. A rough 
estimate of this ratio, however, can be calculated with 
the aid of Fig. 7. This figure is a cross plot and an 
extension of a set of curves given by Muskat’* (Fig. 8). 
Muskat’s data have been extended from rp~ = 0.005 to 
‘pw = 0.01. Although the curves depend slightly on well 
spacing, this dependence can be ignored in all practical 
cases since the curves given (for an infinite well spacing) 
are less than 5 per cent higher than would be the curves 
for a spacing of one acre per well. 


Fig. 7 is a plot of the flow capacity parameter 


0.007082k,h AP 


as a function of the well radius parameter 


Dw rh k, 


Then g, may be calculated from field measured or es- 
timated data and the corresponding rp, from Fig. 7 
substituted into the last equation which can then be 
solved for k,/k,. If water has broken through it may be 
necessary to take into account productivity decline for 
this calculation. 

Fig. 8 shows the decline in relative productivity index 
AP 

(q./AP) initial, 
with the per cent of the volume swept. The rate of de- 
cline depends on geometry and permeability ratio, but 
is essentially independent of mobility ratio except for 
low volumetric sweepout efficiencies. Before water 
breakthrough the relative productivity index will be 
slightly greater than one for unfavorable mobility ra- 
tios and will begin to decline immediately for favorable 
mobility ratios. After breakthrough, the curves quickly 
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become essentially coincident due to the compensating The following conclusions concerning bottom water — 
effects of lessened (or added) resistance to flow and drive reservoirs may be inferred: 
the decreased (or increased) recovery. The effect of 


: : ; 1. The volumetric sweepout efficiency at water break- 
gravity on these curves has not been investigated. 


through will ordinarily be small (Jess than 10 per cent), 


A number of _bottom water drive reservoirs of in- but at high water-oil ratios the volume swept will vary 
terest are found in deep formations for which economic roughly from 10 to 90 per cent depending on the con- 
considerations frequently require relatively wide well trolling parameters. 


spacings of 80 or 160 acres per well. With these wide 
spacings, unless the ratio of horizontal to vertical per- 
meability is quite large, well spacing parameters, ap, of 
6 to 12 are common. This, then, determined the range 
of a for which the results from Muskat were extended 
and for which the approximations were made. 


For spacing parameters greater than 12, almost-none 
of the additional oil beyond a radius which would give 
a4 = 12 will be produced. For these higher spacings, 
then, the sweepout may be calculated from = 


2. Abandonment volumetric sweepout efficiency will 
increase with: (a) decreasing well spacing, (b) decreas- 
ing well penetration if sufficient well capacity is avail- 
able, (c) increasing oil zone thickness, (d) increasing 
horizontal to vertical permeability ratio, and (e) in- 
creasing gravity effects. 


3. The decline of productivity index with volume 
swept is essentially independent of mobility ratio after 
water breakthrough. 


4. The most practical method available at the pres- 


= 144 12) ent time to increase recovery from a bottom water drive 
ay = 5 system is plugging back to decrease well penetration. 
Although recovery is sensitive to well spacing, this 
SUMMARY AND CONCLUSIONS spacing is usually already set by the time an optimum 
can be determined. Some increases in recovery may be 
Muskat’s solutions to the equations describing a bot- obtained by local well stimulation techniques which 
tom water drive reservoir have been used to calculate would enable flow rate to be maintained with a de- 
the rise in water-oil ratio as a function of sweepout creased drawdown, thus increasing gravity effects. Other 
efficiency for equal oil and water mobilities and negli- possible procedures to increase recovery would include 
gible gravity effects. The effect of non-unity mobility horizontal drain holes or fractures just at the top of the 
_fatios on these relations has been calculated by an oil zone and/or extensive horizontal barriers just below 
approximate method. The results of these calculations the perforated interval. 
are given in Figs. 3, 4, and 5. 5S. In principle, volumetric sweepout can also be in- 
The effect of gravity on water-oil ratios has been in- creased through rate reduction to increase gravity ef- 
vestigated by an approximate method for a specific fects. It should be noted, however, that in the case 
_case. Fig. 6 presents the results of this investigation. cited, a tenfold change in rate is necessary under fa- 
Fig. 7, which is taken in part from Muskat, can be vorable conditions to obtain a 13 per cent increase in 
used to obtain an estimate of the ratio of horizontal sweepout at a water-oil ratio of 15. In most reservoirs 
to vertical permeability or, having an estimate of this it would not be possible to maintain this tenfold 
ratio from other sources, can be used to calculate the change in rate as productivity declines later in the well 
flow capacity. The decline in flow capacity or produc- 
tivity index may be obtained from Fig. 8. 0.24 
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life, and at abandonment conditions this difference in 
sweepout would be much smaller. 
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A detailed discussion of the theory of volumetric 
sweepout efficiency in bottom water drive reservoirs 
under the assumption of equal mobilities and negligible 
gravity effects can be found in Muskat’s paper’. For 
convenience, however, the essential features of the 
theory and the mathematical model studied are given 
here. 


The cylindrical system used to represent an idealized, 
one well element of a bottom water drive reservoir 
is shown in Fig. 1. The equations and boundary con- 
ditions describing flow in such a system can be put 
in dimensionless form by using the following transform- 
ations and definitions (the nomenclature follows Mus- 
kat): 


ap AVE > 


where a, is the dimensionless well spacing parameter, 
Xp is the penetration parameter, and zp and rp are dimen- 
sionless variables characteristic of distance below the 
top of the formation and radial distance from the well 
axis, respectively. All terms are defined at the end of 
the paper. 

The differential equation describing steady state flow 
in terms of these dimensionless variables is 


oP oP 


This equation has been solved for the equipressure 
and stream surfaces for the following boundary condi- 
tions: (1) no flow across the top boundary, (2) no flow 
across the outer boundary, (3) constant pressure at 
the initial water-oil interface, and (4) constant flux 
density (flow rate per unit length of well bore) at the 
well bore. All pressures are to be considered referred 
to the same datum plane. 

Muskat has replaced the fourth condition by the 
more realistic condition of constant pressure along the 
well bore by a process of superposition of solutions 
using the above conditions with varying well penetra- 
tion. This refinement was not used for the sweepout 
calculations reported in this paper so that the equipres- 
sure and stream surfaces obtained were somewhat dis- 
torted near the well bore. The volumes affected, how- 
ever, are small compared to the total system volume 
and the effects of this distortion on sweepout are 
minor. 

If the mobilities of the oil and water are equal and 
if gravity effects are negligible, then position and rel- 
ative strength of stream surfaces remain unchanged 
throughout the production period. For this case, a 
plot of stream surfaces can be used to determine the 
relation of water-oil ratio to the per cent of the volume 
swept by water. At any time the height of the water- 
oil interface in a space between stream surfaces, a 
stream bundle, which still contains oil is such that the 
ratio of stream bundle strength to volume swept is the 
same for all such bundles. Knowing then the position 
of the interface, the per cent of the total volume swept 
is known and corresponding to this, the water-oil ratio 
is the ratio of the strength of water-producing stream 
bundles to the strength of oil-producing bundles. 

If the fluid mobilities are not equal, the shape and 
position of a stream bundle carrying a given fraction 
of the total flow will change as the interface rises in 
the bundle. For example, if the oil is less mobile than 
the water, a stream bundle will be shifted toward the 
well axis and the stream surfaces will be distorted near 
the interface. Fig. 2 gives a qualitative picture of this 
situation. The solid lines are stream surfaces as they 
would appear if the mobility ratio were one, while the 
dashed lines show qualitatively the position and shape 
for a mobility ratio greater than one (mobility ratio 
equals ratio of water to oil mobilities) . 

An approximate solution for water-oil ratio as a func- 
tion of volumetric sweepout efficiency when the mo- 
bility ratio is not one has been effected by assuming 
that the shape of the stream surfaces remains unchanged, 
but that the strengths of the surfaces change as the in- 
terface rises in the system. The stream surfaces are 
grouped into conveniently sized stream bundles and a 
step-by-step calculation is made in which the interface 
in the most centrally located oil producing bundle is 
advanced an arbitrary distance. The interface in other 
bundles is then advanced so that the ratios of bundle 
strength to volume swept in that step are all equal. As 
the interface rises, the resistance to flow—which is 
proportional to relative pressure drop—will increase if 
the mobility ratio is less than one and will decrease if 
the mobility ratio is greater than one. After each ad- 
vance of the interface, the relative amount of fluid 
flowing in each bundle, or the relative strength of that 
bundle, is proportionately adjusted according to one 
changed resistance to flow in that bundle. Again, water- 
oil ratio is the ratio of the strengths of water-producing 
stream bundles to oil-producing bundles. 

The effect of gravity on the water-oil ratio as a func- 
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tion volumetric sweepout efficiency has been considered B_ Formation volume factor rvb/STB — 
for a particular well spacing parameter, ap = 6, and a AP 
mobility ratio of one. It is again assumed that position G Gravity effect parameter, (=a 
and shape of stream bundles remain unchanged but 
that the relative strengths of the bundles change as h Initial oil zone thickness ut 
the water rises. After each step of the calculation, J, Relative Productivity Index a 
stream-bundle strength is recalculated according to the k, Horizontal permeability md 
the lowest point k, Vertical permeability md 

water has risen, the difference in density be- q, Production rate STB/day 


tween the water and oil, and the pressure drop from 


the initial water-oil interface to the well. If this change q. Flow capacity parameter JolroB. aes 

in stream-bundle strength is not negligible, then sweep- 0.007082 k,hAP 

out efficiency will depend on rate since pressure drop r Radial distance ft 

also depends on rate. It has been found, however, that poses 

relatively large changes in rate are necessary to cause rp Radial distance parameter — ¢/— — 

appreciable changes in sweepout efficiency at a given AEN Ks 

water-oil ratio. on r. Equivalent drainage radius, ——— ft 
It should be pointed out that while the assumption of Vir 

unchanging stream surface shape appears to be satis- rw Well bore radius ft 

factory for the mobility ratios and gravity effects studied, b 

this assumption is unsuitable for more extreme cases. x» Well penetration parameter ah . 

boundary here to z Vertical distance measured downward 
umetric sweepout (constant ux ensity rather than from top of formation ft 

constant pressure) might cause some question as to the 

validity of the extension of Muskat’s results. This Zp Vertical distance parameter, me — 

assumption means that the concentration of stream sur- 2h 

faces near the well axis will not be as severe as for the Ap Difference in density between oil and _psi/ft 

assumption of constant pressure. The central stream water 

bundle which carries 10 per cent of the flow under the AP. Difference between pressure at well and psi 

assumption of constant flux density will carry about 11, initial water-oil interface referred to 

per cent under the assumption of constant pressure. same datum 

However, the error caused by this assumption will tend p. Viscosity cp 


to offset the error introduced by assuming the original 
water-oil contact to remain an isopotential. In reality, 
the pressure will drop somewhat along this surface in 
the neighborhood of the well axis, reducing the strength 


In figures included in this paper underbars are used 
to indicate the dimensionless state. In the text of this 
paper in order to conform to the new AIME Symbols 


of this central stream bundle. This is particularly true List the subscript D is used to indicate dimensionless 
for the higher spacings considered in this paper. — quantities. 
NOMENCLATURE REFERENCE 

Symbol. Definition Units 1. Muskat, M.: “Performance of Bottom River Water 
a Distance between wells for square array ft Drive Reservoirs,” Trans. AIME (1947), 170, 81. 

aorlike 2. Coles, B. E., and Stade, P. W.: Atlantic Refining 

acine paramicter ANK, Co. internal report on bottom water drive perform- 

b Depth of well penetration ft ance. tok 
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The wettability of reservoir rocks is recognized as one 
of the major factors that determines their multiphase flow 
properties. Multiphase flow properties in turn govern 
reservoir performance. For this reason, the reservoir 
engineer is vitally interested in the wettability of reservoir 
rock. The production research scientist is interested in 
wettability because the solution of the problem of improv- 
ing waterflood recovery by use of surface-active additives 
may hinge on a detailed understanding of the wettability 
of reservoir rock. 

Early workers believed that all reservoir rocks were 
preferentially water wet. Continued study soon uncov- 
ered certain rocks which had flow properties that indi- 
cated that they were preferentially oil wet. Recent studies 
show that there is a spectrum of wettability. Some 
reservoir rocks have multiphase flow properties which 
indicate that they have an intermediate wettability. The 
differences in recovery observed among different reser- 
voirs may, in part be the result of small differences in 
wettability. 

Differences in wettability among reservoir rocks may 
be the result of differences in the fraction of the total sur- 
face area that is preferentially oil wet and preferentially 
water wet. Nuclear magnetic relaxation measurements 
may provide a method for determining the fraction of 
preferentially oil wet and preferentially water wet area in 
porous media. Measurements to be reported here were 
made on water-saturated unconsolidated sand packs 
which were mixtures of preferentially oil wet and prefer- 
entially water wet sands. The resulting data show defi- 
nitely that the fraction of each wettability in these sand 
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packs can be determined by this nondestructive method 
of measurement. 


THEORY OF NUCLEAR MAGNETIC 
RELAXATION 


The details of the theory of nuclear magnetic relaxa- 
tion have been presented previously“. In this paper, only 
a very brief review of the theory will be given to 
show its application to the measurement of fractional 
wettability. 

Nuclear magnetic relaxation is a process of adjustment 
undergone by certain atomic nuclei when their magnetic 
environment is changed. They adjust, or relax, to be in 
equilibrium with a new magnetic field. The reason that 
some atomic nuclei are affected by a magnetic field is that 
they themselves behave in some respects like tiny mag- 
nets. In particular the proton, the nucleus of the hydrogen 
atom, behaves as a magnet. The proton spins, somewhat 
as the earth spins on its axis. The spinning charge pro- 
duces a inagnetic field just as current traveling in a loop 
of wire produces a magnetic field. No net charge is 
required, however; for instance, the neutron has spin 
and magnetic moment. When the spinning proton is 
subjected to an externally applied magnetic field, its axis 
tends to line up with the magnetic field, somewhat as a 
compass needle tends to line up, but the spinning proton 
cannot do this as easily as the needle can. 

The proton also has mass, and its spinning mass makes 
the proton behave somewhat like a gyroscope. As is well 
known, a force which tends to change the axial direction 
of a gyroscope merely causes the gyroscope to precess; 
that is, the axis begins to trace out a conical surface. The 
gyroscope cannot actually assume the position suggested 
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by the applied force until it has given up some, or all, of 
its rotational kinetic energy to the environment through a 
frictional process. The protons have the same difficulty. 
They cannot line up with a magnetic field until they have 
dissipated some of their energy. Or if they are already 
lined up with a magnetic field, and the field is removed, 
they cannot assume random alignment until energy is 
transferred. Protons are very loosely coupled to their 
environment, as if they were almost frictionless gyro- 
scopes. They therefore require what for atomic processes 
is a very long time to adjust or relax into a new magnetic 
environment. Times of the order of seconds, and even 
minutes, are known. The relaxation process is observed 
by means of electro-magnetic signals generated as the 
majority of protons precess in phase after the magnetic 
field is changed. 


The use of nuclear magnetic relaxation methods to— 


measure fractional wettability is based on the observa- 
tion that the surfaces of porous media contribute greatly 
to the relaxation rate of fluids in the pores. In the case 
of water-saturated sand packs it has been observed that 
the contribution of the surface to the relaxation rate of 
water in the pores is much less pronounced if the sand 
is Dri-filmed to make it preferentially oil wet. 

We have considered at least two tentative mechanisms 
for the increase of the relaxation rate of fluid in the 
vicinity of surfaces. It is known’ that in many cases an 
increase in the viscosity of a fluid with change of tem- 
perature or composition is accompanied by an increase 
in relaxation rate. It may in some cases be possible that 
there is a region in the fluid in the immediate vicinity 
of the solid surfaces where the viscosity is sufficiently 
increased to produce an over-all increase in the fluid 
relaxation rate. If this is the case, one would expect 
this viscosity increase to be much greater if the fluid 
readily wets the surface than if it does not. Thus, a 
preferentially oil wet sand might have much less influ- 


ence on the relaxation rate of water in its pores than 


would a preferentially water wet sand. : 

Another possible relaxation mechanism involving 
surfaces is the presence of strong local magnetic fields 
at the surfaces. These fields could be due to small num- 
bers of paramagnetic centers (unpaired electrons) at 
the surfaces. These centers could be paramagnetic ions 
or molecules present as surface impurities, or they could 
be associated with the structure of the surfaces them- 
selves. In any case a possible effect of wettability condi- 
tions is still evident. The surface of oil wet sands 
probably have a layer of hydrocarbons, preventing 
water molecules from getting close to the paramagnetic 
centers. 

The two suggested mechanisms for surface relaxa- 
tion effects in general, and for wettability effects in 
particular, may well work together. If the fluid in the 
vicinity of the surfaces has an increased viscosity and 
also is subject to the magnetic fields produced by the 
paramagnetic centers, then the relaxation could be in- 
fluenced by both the viscosity and the possible proximity 
to the paramagnetic centers. 


EXPERIMENTAL METHOD 


Sand packs containing mixtures of preferentially oil 
wet and preferentially water wet surfaces were prepared 
by mixing untreated Nevada, quarried, white sand with 
the same sand treated with SF 99 General Electric Dri- 
film. The sand was all 135 mesh. The Dri-film was applied 
by soaking the sand in a solution of 10 per cent by volume 
Dri-film in hexane. The Dri-film solution was drained 
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FIELD 


CONTROL 


Fic. 1—BLock DIAGRAM oF NUCLEAR MAGNETIC 
RELAXATION APPARATUS. 


from the sand, and the sand was dried at 300°F. The 
untreated sand and the treated sand were mixed in a 
Patterson-Kelley Laboratory Blender for two minutes and 
then packed in a Lucite tube 31% in. inside diameter by 
5 ft long. The packing was done dry. Compaction was 
obtained by filling the tube half full and then striking the 
bottom of the tube on the floor about six times. The tube 
was then filled and tamped again in the same way. Finally, 
the pack was evacuated while striking on the side of the 
tube with a wooden block. The tube held 9.2 liters of 
sand. The porosity was. about 40 per cent. The sand 
could not be packed in water, because the Dri-filmed sand 
grains would float on the surface, thereby giving a sepa- 
ration of treated and untreated sand, which was undesir- 
able. After the sand was packed into the tube, the tube 
was evacuated and water was allowed to enter to saturate 
the pack. The porosity was calculated from the uptake 
of water. 

Relaxation rates for nuclear magnetic polarization were 

measured by the apparatus shown schematically in Fig. 1. 
The sample tube was placed in a coil which produced a 
magnetic field at right angles to the earth’s field. The sam- 
ple was first subjected for 10 seconds to a relatively high 
magnetic field, about 200 gauss, and then to a second 
much lower magnetic field, about 5 gauss (but still much 
higher than the earth’s magnetic field), for varying peri- 
ods of time. This second applied field is known as the 
relaxation field. The current in the coil was then cut off, 
and the coil was connected to an amplifier. A signal from 
free precession of the nuclear magnetic polarization in the 
earth’s magnetic field was displayed on an oscilloscope 
and photographed. Signal voltages, V, were measured at 
a fixed time after the beginning of precession. The meas- 
urements were repeated for values of t, the length of time 
of application of the relaxation field, which varied from 
one to six times the relaxation time. For the data of 
Fig. 2 this time was 0.2 to 1.2 seconds for the high relaxa- 
tion rate in 100 per cent water wet sand to 0.8 to 4.8 
seconds for the relaxation rate in 100 per cent Dri-filmed 
sand. The relaxation, represented by the function S(t), is 
defined as ; 
(1) 
V(0) — 
Where V(t) is the signal voltage for lengths of time ¢ of 
application of relaxation field, V() is the signal voltage 
for a very long application of the relaxation field, and 
V(0) is the signal voltage for zero time of application of 
the relaxation field. 

If S(t) is an exponential function of the lengths of time 
of application of the relaxation field, as it usually is, the 
relaxation rate (1/S) dS/dt is given by the slope of a plot 
of log S(t) vs t. The relaxation time is the inverse of the 
relaxation rate. For the sand packs there was a slight 
curvature to this plot of log S(t)vs t, The relaxation rates 


S(t) = 
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RELAXATION RATE - SEC. 


re) 1 
fe} 25 50 75 100 


PER CENT DORI-FILMED SANO 
Fic. 2—RELAXATION RATES FOR SAND MIXTURES CON- 
TAINING VARIOUS PERCENTAGES OF DRI-FILMED SAND. 


reported here were taken from the slope of the curve at 
t=0. 


RESULTS 


The relaxation rate was measured on five sand packs. 
These sand packs contained 0, 25, 50, 75, and 100 per 
cent Dri-film treated sand. A plot of relaxation rate vs 
per cent of Dri-film treated sand in the mixture of 
treated and untreated sands is shown in Fig. 2. There is a 
linear relation between relaxation rate and fractional oil 
wettable surface area. 


Although no studies were made on natural, consoli- 
dated sandstone cores, a method of obtaining fractional 
wettability can be proposed. One particular scheme that 
would be useful is as follows: The core, as taken from 
the reservoir, is first flooded with toluene or hexane until 
no more water or crude oil is displaced. This treatment 
has been found in our laboratories to cause no change 
in the natural wettability of reservoir rock. The core, 
after vacuum drying, is then saturated with distilled water 
and the nuclear magnetic relaxation rate measured. This 
gives the relaxation rate for the sand surface as it pre- 
sumably exists in the reservoir. The core is then treated 
with a mixture of three parts of chloroform and one part 
methanol or fired at 950°F. Either of these treatments 
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will remove all adsorbed hydrocarbon, which we believe 
is responsible for the preferential oil wettability of some 
of the sand surfaces. The core is again flushed with dis- 
tilled water, and while still saturated with distilled water, 
the nuclear magnetic relaxation is measured. This last 
measurement gives the rate for the sand surface when 
the entire surface is preferentially water wet. The core is 
then dried and treated with Dri-film to make the entire 
surface preferentially oil wet. The core, after proper 
drying, is then saturated with distilled water and the relax- 
ation rate measured. This gives a relaxation rate when the 
entire surface is preferentially oil wet. A straight line is 
drawn between relaxation rate at 100 per cent preferen- 
tially water wet and 100 per cent preferentially oil wet, 
as in Fig. 2. The point corresponding to the relaxation 
rate for the original core is then found on the line, and 
the per cent of preferentially oil wet surface area read 
from the abscissa. 


CONCLUSION 


A linear relationship has been observed between 
nuclear magnetic relaxation rate of water and fractional 
preferentially oil wet surface area in a mixture of prefer- 
entially oil wet and preferentially water wet sand. It is 
proposed to use this relationship to determine the frac- 
tional preferentially oil wet surface area in natural reser- 
voir rock. 
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The performance of depletion-type reservoirs at the 
stage in which the gas is at such low pressure that grav- 
ity is essentially the sole driving force has been investi- 
gated both theoretically and by use of scaled models. A 
simple theory is developed which completely explains 
the scaled model experiments. It also agrees with some 
field data. When the range of production rates to be 
considered is less than 25, the theory predicts that the 


production rate decline curve for homogeneous reser-- 


voirs in which there is a free surface will be of the 
hyperbolic type with n = 2: 


qi 
The theory gives a physical significance to the param- 
eter y. 


LNT 


This investigation was undertaken to determine a 
method for prediction of performance of reservoirs 
where gravity is the sole driving agent. Depletion-type 
reservoirs fall into this category after the pressure has 
fallen to some low value. Some examples of this type are 
found at Healdton (Oklahoma), Oklahoma City (Okla- 
homa), Midway-Sunset (California), and East Coalinga 
(California). Generally the production rate per unit 
thickness is quite low in such reservoirs, with the conse- 


Publication No. 86, Shell Development Co., Exploration and 
Production Research Div., Houston, Tex. 

Original manuscript received in Petroleum Branch office on 
May 1, 1956. Revised manuscript received on Nov. 2, 1956. Paper 
presented at Petroleum Branch Fall Meeting in Los Angeles, Oct. 
14-17, 1956. 

Discussion of this paper is invited. Discussion in writing (3 
copies) may be sent to the offices of the Journal of Petroleum 
Technology. Any discussion offered after Dec. 31, 1956, should 
be in the form of a new paper. 


VOL... 207. 1956 


quence that this stage is sometimes called the stripper 
stage. However, per well production rates may be of the 
order of 50 B/D because of the considerable sand thick- 
ness open in some of the reservoirs. 

In the past, predictions of behavior of such reservoirs 
have been based on empirical extrapolation of the rate of 
production to the economic limit. Difficulties arise when 
new wells are drilled in the field or when production is 
artificially curtailed, since in such cases the decline rate 
of individual wells or leases changes and no clear trend 
can be detected. It was hoped that the present study 
would lead to improved methods for evaluation of such 
reservoirs. 

The study was initiated by building a scaled model for 
a particular field and by running a number of experiments 
on this model. Later a simple theory was developed which 
explained the laboratory results completely. The theory 
led, as shown below, to a hyperbolic-type decline equa- 
tion which had been used previously’ in a completely 
empirical manner. 


O RAY. 


THE GENERAL CASE 

The problem to be treated here is the following: We 
are given a homogeneous cylindrical porous reservoir 
with exterior radius r., wellbore radius r,,, and height hr, 
containing, from the bottom up to a height h,, oil, some 
gas, and interstitial water (see Fig. 1A). The portion of 
the reservoir between hi, and h;, is filled with gas at low 
pressure, with residual oil, and with interstitial water. If 
at a time t = 0, the level of the oil in the wellbore is low- 
ered to a height h,,, what is the production rate from the 
reservoir at a time ft? 

The configuration within the reservoir at some instant 


1References given at end of paper. 


265 


FIG. 1B—TuHE Gas-O1L 
FREE SURFACE. 


Or, fe 
Fic. 1A—-MopDEL FOR 
THEORY. 


t > 0 is shown in Fig. 1B. The height of-the oil in the 
wellbore is h,, and that at the exterior boundary h,. One 
may speak of a free surface h(r), above which the oil sat- 
uration is the residual oil saturation S,,.* This is the sat- 
uration at which the relative permeability to the oil phase 
is zero. Below the free surface there is assumed to be a 
transition zone of thickness h, throughout the reservoir, 
this thickness remaining constant during the life of the 
reservoir. It is possible to associate a mean saturation S. 
with this capillary zone, S. also being constant in time. 
The oil saturation below this capillary zone is S,, the same 
as the saturation at t = 0. 

It may here be noted that the free surface intersects 
the wellbore at a height h, which is greater than h,,, the 
portion of the wellbore between h, and h,. being a sur- 
face of seepage (i.e., liquid enters the wellbore between 
h, and h,. and runs down the wellbore wall). 

It is now possible to write an expression for the cumu- 
lative production Q at the time f: 


where /i denotes the average height of the free surface at 
the time ¢ and is defined by 


If g denotes the instantaneous producticn rate at the 
time ¢, then 


dh 
In Appendix I we show that 
dh dh. 


| (4) 
\ 


We also show that for h,. = 0 
_ wkoApgh.(he + he) 


in 


r w 2 


Eliminating g from Eqs. 3, 4, and 5 we obtain a first- 
order differential equation which may be integrated to 
give an expression for h.. Substitution of this expression 
back into Eq. 5 gives 


h. (6) 
hy +h h, 
where q; denotes the value of g at t = 0 and is given by 
atk, Apgh;(h; h.) 


Tn this Sectian. oil is assumed to be the only lianid flowine. 
The interstitial water is assumed to be static. In our model ex- 
periments we actually used water as “‘oil’ for convenience. 


The ratio of cumulative production at time ¢ to ultimate 
production is given by 


h, 


where Q, = af (r. — (So — Sor) Ai. 

For cases where the formation is entirely liquid-filled 
at t = 0, (h, = h, in Fig. 1A), but not at t > 0, the above 
equations must be modified slightly. We artificially con- 
sider the average initial free-oil level in such cases to be 
at h; — h, instead of at h,. This leaves a capillary zone of 
height /. with an oil saturation of S, instead of S.. This 
assumption only disturbs the results at early times, where 
we are in general not interested in the solution. The result 
of the above modification leads to the following equa- 
tions for a formation entirely liquid-filled at t = 0: 


2 Bt 
jer 


Q 


THE h, = 0 
It can easily be shown that for the case where h, = 0, 


Gis 1 


which may be integrated to give 


(12) 
where 
Apgh; 


Py 2 


DISCUSSION OF THEORETICAL RESULTS 


A fact noteworthy of comment is that the expression 
for the production rate for the case h. = 0 arrived at in 
Eq. 11 is a special case of what is generally called a 
hyperbolic decline curve. The general expression for such 
a decline is 


q 1 


n 


so that the expression derived corresponds to the case 
n=2., 

Note that if we calculate the free surface h(r) at t = 0, 
we find that the free surface is not horizontal (as corre- 
sponds to the physical picture), but has the same shape as 
it has at ¢ > O during production. Whereas this may seem 
a weakness in the theory, it actually is beneficial con- 
cerning the application of the theory to reservoirs, since 
the zero in the time scale chosen for the study of gravity 
drainage in a reservoir will generally be at a time when 
the free surface is not horizontal, i.e., production has 
taken place from the reservoir at times preceding the 
instant chosen for the zero in the time scale. 


S.C A 


By a process of inspectional analysis such as described 
by Croes, Geertsma, and Schwarz’ we arrived at the 
following dimensionless groups to describe the gravity 
drainage process: 


6 PETROLEUM TRANSACTIONS. AIME 


PRESSURE 
= 


i axe , the ratio of flow potential gradient in 


the gas to the gravity potential gradient. 
a cos 0 


“VE/f Apgh,’ the ratio of capillary to gravity 


forces. 
Ill. A,/h,, a geometrical parameter. 


IV. the Reynolds number. 
Uot 
Vv; roe a group which tells us that we should 


compare performances of model and 
field at the same values of fractional cu- 
mulative production. 


VI. ro/Ai, a geometrical parameter. 
VII. r./h;, a geometrical parameter. 


VIII. 7./k, a group which cannot be properly scaled 
in the model, but in view of the fact that 


r/Vk >> 1, this is not considered a 
serious drawback. 


Table 1 gives pertinent values of parameters for a par- 
ticular field as well as those used in the model. It may be 
seen that dimensionless Groups IV, VII, and VIII were 
not scaled correctly. However, it was shown experimen- 
tally that Group IV had no influence; the effect of Group 
VII was found experimentally, by a process discussed 
later on; and remarks about Group VIII were made 
above. 


After development and testing of the theory (discussed 
above) the importance of being able to scale any particu- 
lar reservoir decreased. Therefore, the importance of our 
scaling is mainly in furnishing a test for the theory, rather 
than in reproducing actual performance of a field. 


DESCRIPTION OF THE MODEL AND 
EXPERIMENTAL PROCEDURE 


For the model, it was decided to use a 30° sector of a 
cylinder of radius 59.75 in., with a height of 24 in. A 
diagram of the model is given in Fig. 2. The sides of the 
model were made of Lucite to permit visual observation 
of the free surface in the sand. Since in scaling the model 
it was not possible to assign the correct value to the well 


TABLE 1—SCALING OF A FIELD 
Approximate Values in 


Field Model 
k, darcy .09 10 
ht, ft AA 1.33 
re, ft 165 5. 
tw, ft .156 
H, cp 13 1 
f 0.21 .38 
Ap, gm/cc 0.9 1 
a, dynes/cm 26 70 
cos 0 1 1 
sand loosely unconsolidated 
consolidated 
pg 
| = 
gAp 0 0 
— .34 .34 
Vk/f Apghi 
hw/hi 0 0 
IV Vk pouo/ 1.4 x 2.1 x 10-2 
vl re/hi 3.75 3.75 
vil rw/hi 016 AN7 
VIII re/Vk 1.7 x 108 5 x 104 
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radius (for a 165-ft radius of drainage and 3-in. wellbore, 
the wellbore radius would be 0.1 in. in the model), pro- 
visions were made that three different well radii, 6.375 
in., 3.375 in., 1.875 in., could be used. A skin was intro- 
duced by filling the portion of the reservoir between two 
of the wellbore screens with a sand of lower permeability. 

The model could be filled simultaneously through 
three inlets situated on the bottom of the reservoir. The 
reservoir was drained through one of three outlets situ- 
ated in the wellbore, one corresponding to each of the 
three well radii. Characteristics of the sands used in the 
experiments are given in Table 4. The fluids used were 
either water or an aqueous glycerine solution. 

During a run, a pump connected to whichever outlet 
was used, transferred the water from the wellbore into a 
barrel situated on the platform of a dial-type Toledo 
scale. Readings of time intervals corresponding to inter- 
vals of production from the model were taken by the use 
of stop watches. Information on production rates was 
obtained by numerical differentiation of the cumulative 
production data except during the final stages when the 
production rate was very low. For these times independ- 
ent rate measurements were made by observing the 
weight of water produced during short time intervals. 


For the runs in which it was desired not to pump the 
wellbore dry, a metal tube was inserted into the wellbore 
outlet to a height equal to the one at which the water 
level was to be kept. In order to allow development of the 
capillary zone at initial time, the sand was not completely 
filled in some runs. 


RESULT AND COMPARISONS WITH THEORY 


EFFECT OF CHANGE IN RELATIVE PERMEABILITY 


It was recognized that few reservoirs would be pro- 
duced by a pure gravity drainage drive over their entire 
life. Most reservoirs in which gravity drainage is impor- 
tant would probably have an initial solution gas drive. 
Such a drive would most likely leave a significant gas 
saturation. Therefore it was important to determine the 
effect of such a gas saturation on the gravity drainage 
performance. To determine this, comparison was made 
between run No. 7 (Fig. 3) where there was no initial 
gas saturation and run No. 8 (Fig. 4) where the initial 
gas saturation was about 12 per cent. It may be seen that 
the form of the curve is not changed by the gas. Shown 
in Fig. 3 are points calculated by the theoretical method 
for a permeability of 1,053 darcies and for a capillary 
height of 7.3 cm. Calculated points in Fig. 4 are for 
k = 837 darcies and h, = 7.3 cm. The 12 per cent sat- 
uration value was inferred from steady-state experiments 
as explained in Appendix III. 


| 
SS 


As the gravity drainage model was repeatedly drained 
and filled, the trapped air saturation rose gradually with 
time. Air was also introduced in some runs by adding 
water which was supersaturated with air. After standing 
a short time the dissolved air came out of solution, much 
as the dissolved gas in a solution gas drive. It was found 
that changes in air saturation merely altered the relative 
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permeability to water without changing the shape of the 
performance curve. Experimental results of such runs 
agreed very well with values calculated from the param- 
eters in Appendix II. 

To indicate how well the calculated rates checked with 
the theory, Fig. 5 is presented with the data for runs 
No. 7 and No. 40. The agreement is good. In calculating 
q: for the rate fitting it must be remembered that, ac- 
cording to the simple theory, the free surface is already 
formed at ¢t = 0. Therefore in calculating gq; from Eq. 7 
the value of h; at t = 0 is the average free water level at 
t = 0 divided by a. In Figs. 3 and 4 there is a small but 
definite tendency for the calculated points to be lower 
than the observed curve at small times. This is because 
the theory assumed the initial average free water level to 
be h, — h. with a partially saturated capillary height h. 
above it. However, in these experiments the sand was 
filled to the top, so that the initial average free water level 
was h; with no capillary level. Or this can be considered 
as an initial free water level h; — h. with a completely 
saturated height h. above it. Thus, the experimental rate 
and cumulative production at early time should be greater 
than the theoretical. After the water level falls, the capil- 
lary region forms and the theory holds very well. 


EFFECT OF CHANGE IN WELLBORE RADIUS 


Three different wellbore radii were used in these tests: 
1.875 in., 3.375 in., 6.375 in. According to the theory, 
the time at which a certain cumulative production is 
reached at one radius is related to the time at another 
radius by the ratio: 


1 


n(r./r ) >| 


when all other factors are constant. 

Fig. 6 shows the production history for run No. 45 at 
the 6.375-in. radius. The points are taken from the curves 
for run No. 46 (at the 1.875-in. radius) and for run 
No. 48 (at the 3.375-in. radius) after multiplying by the 
proper ratio, as given above. The ratio was 0.657 for run 
No. 48 and 0.519 for run,No. 46. It is seen that the 
theory predicts the effect of a change in radius rather well. 


EFFECT OF CHANGE IN VISCOSITY 


A few runs were made using a glycerine-water solution 
of about 8 cp viscosity. Results for run No. 49 agreed 
very well with points calculated from the parameters in 
Appendix II. Since the Reynolds number in this run dif- 
fered by a factor of about 64 from that in the water runs 
and since both the sets checked with the theory, it 
seemed clear that inertial forces played no part in the 
experiments. 
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EFFECT OF CHANGE IN h,/r, 


Several runs were made with ratios of h,/r, different 
from that shown in the previous runs. At smaller initial 
heights, the capillary height becomes relatively more im- 
portant. In the runs with water the sand was filled only 
half way. This gave a chance for the capillary height to 
develop above the water level in the wellbore. In the pre- 
viously discussed runs the model was completely filled to 
the top of the sand so that initially there was no capillary 
height. 

Fig. 7 shows data for runs No. 41 and No. 42 (check 
runs which gave identical results) together with points 
calculated by the theory. These points are for h, = 7.3, 
average initial height 20.3 (as compared with 40.5 be- 
fore), and k = 634 darcies. The fit is even better for this 
curve than for previous ones. Probably this is because 
the capillary height was already formed in this run, as-is 
assumed in the theory, whereas it was not in the runs 
where the entire sand was initially filled. This was con- 


firmed by run No. 47. Here h, = 25.7 cm and h, = 6, 
glycerine of about 8 cp viscosity being used. The calcu- 
lated points agree very well with the experimental curve. 


EFFECT OF SKIN 


An artificial skin was made in several experiments by 
putting a sand of lower permeability between two screens 
near the wellbore. Theoretically the type of performance 
should be the same, one needing simply to replace in the 


theoretical equation the term e[in(r./r..) — 1/2] by 
Os in — = 


where k, is permeability in the body of the pack between 
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r, and r. and k, is the permeability in the skin between r, 
and r;. The term a is the ratio of average height of free 
surface to height of free surface at r.. When there is a thin 
skin, @ is given by 


1 1 ise 0.5 
a = — + 


k, lw ry; 
For k, = k, this reduces to the previously given ex- 
pression. 

Fig. 8 shows results for run No. 39 which had a sand 
between radii of 1.875 and 6.375 in. of approximately 
half the permeability of that in the body of the model. 
Also plotted are points for run No. 40 with no skin, the 
times being obtained from 


2 2 k, ry; Ts 1 


3 1 3 


The agreement is good. Runs 56 and 57 (see Appendix 
II) agreed with each other even better than 39 and 40 
when corrected as above. 


EFFECT OF NoT PUMPING WELLBORE Dry 


It had been suggested that the production rate might 
be greater if the wellbore were not pumped completely 
dry. The reasoning was that the oil would not have to 
come out at a gas-oil interface and seep down the bore 
but could follow a completely liquid-filled path. Accord- 
ingly, runs No. 22, No. 23, and No. 24 were made. 
Results are plotted in Fig. 9. In run No. 22, the wellbore 
height was initially 19.05 cm (about one half the total 
sand thickness). After 52 lb of water had been produced, 
the wellbore was pumped dry. This caused a large in- 
crease in rate as shown. In run No. 23, the initial well- 
bore height was 8.89 cm. After production of 75 Ib, the 
wellbore was pumped dry. The wellbore in run No. 24 
had an initial height of 3.81 cm, which was pumped dry 
after production of 97 lb. Run No. 21, the check run 
with wellbore pumped dry, lies just slightly above run 
No. 24, but is not shown here. The rate curves show that 
by not pumping off the well at first, then pumping it off 
later, the rate may be made higher at some time than the 
rate for a completely pumped off well. However, the in- 
completely pumped-off well will take much longer to 
produce the same cumulative oil because the initial rate 
was lower. This is shown in Fig. 10. Run No. 21, the 
completely pumped-off well, produced its oil faster than 
any of the incompletely pumped wells. 


EFFECT OF CHANGE IN ABSOLUTE PERMEABILITY 


Most of the runs were made with a sand having a 
nominal grain size of 0.040 in. to 0.060 in. (see Table 4 
of Appendix III). A few runs were also made with a sand 
having a grain size of 0.030 in. to 0.045 in. This sand 
had an absolute permeability about one half that of the 


coarse sand, and a capillary height h, about \/2 times that 
of the coarse sand. The calculated values again agreed 
very well both with the cumulative production and the 
rate data. Constants used in the calculations are shown 
in Appendix II. 


APPLECATION OF THEORY 
Consider first the rate equation 
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It is desired to fit this equation to a field decline curve 
for extrapolation to the economic limit. Now in general 
the rate will change by less than a factor of 25 from the 
time fitting is started to the economic limit. If this is true, 
then it may be shown that about the same degree of fit 
can be obtained by using the simple equation for h. = 0, 
namely, 


Clee 


Table 2 shows values calculated from Eq. 6 and Eq. 11 
for 


qi 


h, h, 

0.2 and 0.4. 

The value of 8 was adjusted so that q/q; was about the 
same at early times in all cases. (This would be the pro- 
cedure in fitting the equation to field data.) It may be 
seen that the values of g/q, do not differ appreciably 
until g/q; has changed by a factor of 25. For large times, 
however, the rates differ appreciably. To fit our labora- 
tory, it was necessary to use the more complicated Eq. 6 
because our rates changed by a factor of 1,000. Table 3 
shows comparative values of cumulative production for 


these cases. 


It may be seen that the cumulative productions differ 
only by 13 per cent for the worst case shown. It appears, 
then, that in practice it will be necessary to consider only 
the equations for the case h.. = 0. The equation in this 
form is familiar to most engineers as a hyperbolic decline 
curve with n = 2. 


Considering the rate equation, we note that q; need 
not be the initial rate of production but need only be the 
rate at the time we begin fitting. We define this time as 
t = 0, and the rate at this time as qg;. This leaves undeter- 
mined only the constant y, which may be determined by 
fitting Eq. 11 to the field data. An example of a curve 
obtained in this manner is given in Fig. 11. 


A second comparison between predicted and observed 
data is given in Fig. 12. The field data are averaged over 
11 leases in the Healdton field by Riggs er al.’ Riggs 
calculated the yearly decline by taking the difference in 
oil production between two successive years and dividing 


TABLE 2—COMPARATIVE VALUES OF q/qi 


For 
vt hi + he 
= = 0.2 = 0.4 
0.058 0.894 0.894 0.895 
0.116 0.803 0.805 0.806 
0.232 0.659 0.660 0.662 
0.464 0.467 0.468 0.468 
0.928 0.269 0.269 0.265 
1.856 0.1225 0.1208 0.1121 
3.712 0.0450 0.0421 0.0319 
7.424 0.01409 0.0109 0.00436 
14.848 0.00398 0.00161 0.000112 
TABLE 3—-COMPARATIVE VALUES OF -Q 
For 
yt hi + he 
= = 0.2 = 0.4 

0.058 1.890 1.890 1.891 
0.116 3.58 3.59 3 59 
0.232 6.49 6.50 6.51 
0.464 10.93 10.94 10.97 
0.928 16.59 16.62 16.61 
1.856 22.41 22.40 22.17 
3.712 27.16 26.99 26.13 
7.424 30.39 29.81 27.85 
14,848 32.31 31.00 28.15 
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the difference by the production during the earlier year. 
Calculated points were obtained by integrating 
Over one-year periods, then subtracting and dividing in 
the same manner. The agreement between calculated and 
observed data is very good after the first two years. 

Although Eq. 11 seems to agree reasonably well with 
the behavior of a few fields, it must be remembered that 
the equation is based upon an assumption of homoge- 
neity, and of the presence of a free surface at the well- 
bore. In a future paper we plan to show how the present 
work may be applied to nonhomogeneous reservoirs and 
to wells where there is no free surface. 


CONCLUSIONS 


The simple theory developed here explains quantita- 


tively the model experiments. It also agrees reasonably _ 


well with the behavior of a few fields. It should lend a 
firmer basis to decline curve extrapolation and, although 
strictly applicable only to homogeneous reservoirs, should 
form a basis for the analysis of heterogeneous ones. 


NOMENCLATURE* 


a, —=constant in hyperbolic decline equation 

— 42) (So Son) 

ij = porosity, fraction 

h = height of free surface above bottom of forma- 
tion; including the transition zone h, when 
there is one, cm 

h. = effective height of capillary rise, cm ; 

h, = initial oil-gas interface level in an open hole at 
the radius of drainage, measured from bot- 
tom of formation, cm 

h. = oil-gas interface level in an open hole at the 
radius of drainage measured from bottom of 
formation, cm 


h, = oil-gas interface level in wellbore r,., measured 
from bottom of formation, cm a 

h, = thickness of formation cm d 

h = average height of free surface above bottom of 
formation, cm 

Pp. = pressure in oil phase 

pressure in gas phase 

qi =rate of oil production at time ¢ = 0, cc/sec 
(note t = 0 may be taken arbitrarily) 

Q =cumulative oil production from the arbitrary 
time t = 0 to t = t, cc (= bbl x 1.59 x 10”) 

Q, = ultimate oil production from t = 0 to t = ™, cc 

S. = average saturation of oil in transition zone 

u, = volume flow rate of oil per unit cross-sectional 


area, cm/sec 
= height above arbitrary datum plane, cm 


ko Apghi 


1 


*For definition of other symbols used in this paper, see AIME 
symbols list published in Oct., 1956, issue of Journal of Petrolewm 
Technology. 
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= oil-gas contact angle, measured through liquid 
‘phase, degrees 
Ap = Po — Pr, gm/cm* 


gz = oil flow potential 
Po 
F 
o, = + gz = gas flow potential 
Pe 
o = oil-gas interfacial tension 
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APPENDIX I 


MATHEMATICAL DERIVATIONS 


We first derive an expression for h(r). Assume for 
the time being that h, = 0. At steady flow if we denote 
by q, the production rate at r (i.e., the rate at which 
the fluid flows through a cylinder of radius r) by q 
the production rate at the well, then 


r 


e 


where it is assumed that r,>>r~ and that the shape 


of the free surface does not change with time. 
Assuming that all flow takes place in a horizontal 
direction,* then by Darcy’s law 


k, oh 


= 
Substituting Eq. I-1 into this expression and integrat- 
ing, we obtain 


2 


wk. A per’, r 

wk. Apg(h, — (1-3) 


*This assumption is the one made in obtaining the Dupuit-Forch- 
heimer equation, and gives good results except in the vicinity of 
the wellbore. However, the shape of the free surface near the 
wellbore is not an important factor in determining h since most 
of the contribution to h comes from the part of the reservoir 
near the exterior boundary. , 

**Eq. I-8 differs from the Dupuit-Forchheimer equation only in 
the fact that one-half is subtracted from the In term. The Dupuit- 
Forchheimer equation may be derived both by using the approxi- 
mate method given above (but with constant potential at re) and 
by using an exact Green’s theorem treatment, with identical re- 
sults. It is suspected that the above approximate derivation also 
gives the correct relation for the present boundary conditions 
(no flow across re) but this has not yet been proved. 


1 
a = ] + Te 
2 
j 
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Substituting the above in Eq. I-2 gives 
hh 4 
re 2 


= 


This equation may be used to calculate h. 
h = 
ry rw 


In integrating the second term in the brackets we 
assume that h, + h has an average value of 2h. The re- 
sult of the integration is 


1 he 


w 


Let us assume now that h, = 0. Then . 


when there is no capillary rise, where 
1 
2 2 In rae 1 


Going back now to the case where the height of the 

capillary zone is not zero, we have 

This equation neglects the effect of any vertical flow 
on h., which assumption should be allowable except 
very near the wellbore. 

We now have to find an equation corresponding to 
Eq. I-3 for the case where h, 0. In the manner of 
Wyckoff, Botset, and Muskat*, we then write* 


k 
e w oApg 
h = q = 7 (A. Cre lie ale h.) 
on Po Pig 
w 2 OD 
Solving this equation, we obtain ( ) 
If h, = O this reduces to 
11 
*The problem treated there was the case where the boundary Gi r y 1 h.(h. ag h.) (1 ) 
condition at re was that of constant height whereas our solution In 
requires zero influx at re. It is assumed that the role of the capil- ° a 2 
lary zone is of the same nature in the two problems. w 
APPENDIX II 
CONSTANTS USED IN CALCULATIONS 
k p - B 
Ron San Se hi he ko/ks 
cm cp darcy gm/cc sec” 
WH 16.19 0.92 1053 A 0) 0.997 40.5 7.3 ae 6.55 x 10-4 
8 16.19 0.92 837 au 12 0.997 40.5 7.3 ere 6.00 x 10-4 
40 16.19 0.914 634 11 15 0.997 40.5 TAS large 4.78 x 10-4 
4l 16.19 0.931 634 SU! 15 0.997 20.3 Tse large 4.71 x 10-4 
47 8.57 8.29 74\ 08 13 1.149 25.7 6.0 large 3.83 x 10-5 
49 8.57 8.19 74) 08 13 1.149 40.5 6.0 large 3.89 x 10-5 
56 16.19 0.953 433 16 13 0.997 40.0 10.0 medium 4.08 x 10-4 
45 16.19 F254 1.149 40.5 6.0 large 
46 4.76 8.10 1.149 40.5 6.0 large 
48 8.57 8.10 1.149 40.5 6.0 large 
39 4.76 0.929 0.997 40.5 7.3 2.045 large 
57 16.19 0.957 0.997 40.0 10.0 1.897 medium 
Other constants used in calculations: re = 151.77 cm, f = 0.38. 


APPENDIX III 


DETERMINATION OF CAPILLARY HEIGHT 


In order to determine the effective capillary height, 
static capillary height experiments were made. These 
were conducted in a box 6 in. x 24 in. in cross sec- 
tion, packed with sand to a height of 28.5 cm. Water 
or water-glycerine was introduced through an open- 
ing in the bottom of the box. An open-end tube 
was also connected to the water-inlet tube so that the 
free water level could be read off at any time. 

Water (or water-glycerine) was added in increments 
from below, the amount being determined by weighing 
the box. After each addition of water, the box was left 
until the free water level appeared to stabilize. This 
took between 15 minutes and several hours. Then more 
water was added and the level allowed to stabilize. 
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A typical result obtained when plotting free water 
level vs weight of water in box is shown in Fig. 13. 
It can be seen that there is a linear relationship be- 
tween the variables above the region of capillary influ- 
ence at the bottom and below the region of capillary 
influence at the top. In this region the transition zone 
between air and water is short enough that it can 
move up or down with the free water level, as indi- 
cated in Fig. 14. As the top of the box is approached, 
the transition zone will intersect the top of the sand, 
as shown in Fig. 15. After this time, the change in 
free water level for a given added weight of water will 
be much greater than before, since there is less pore 
space to fill. The same phenomenon occurs on desatura- 
tion. A measure of h,, the effective capillary height, 
may be had by finding the point where linearity ends 
and curvature begins. In our drainage experiments in 
the scaled model, it is the desaturation capillary height 
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that is effective. The average value of Ah. taken from 
a number of repeated saturations and desaturations was 
7.3 cm for water, 6 cm for glycerine-water (p = 1.149) 
in our coarse sand, and 10 cm for water in the fine 
sand. These are the values used in the calculations. 

In these sand box experiments it was also possible 
to determine the change in air saturation on repeated 
filling and draining, a process which was also carried 
out in the model. At the same time the average residual 
water saturation was determined. The air saturations 
used in the calculations (S,) were taken from these 
results at what was judged to be the appropriate num- 
ber of saturations and desaturations. 

It is also possible to determine the water saturation 
above the transition zone from these experiments (the 
saturation S,, in Fig. 14). Values obtained were S., 
= 0.10 for water in the smali sand (run No. 56), 
S,. = 0.08 for glycerine in the coarse sand, and S,, 
= 0.11 for water in the coarse sand. 


In addition to experiments in the small box, several 
material-balance runs were made in the model in an ef- 
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fort to determine residual saturations. In run No. 7, 
which was packed under water (S,, = 0) to a porosity 
of 38 per cent, 158.4 lb of water was recovered. The 
calculated initial weight of water for this porosity was 
201.6 Ib. Therefore, the average residual water satura- 
tion at the end of one desaturation was 21.4 per cent. 
This is equivalent to 65 per cent water saturation to 
7.3 cm and 12 per cent water from 7.3 cm to 40.5 cm, 
in good agreement with the small box runs. 

As a final check on the saturations the ultimate re- 
covery was calculated and compared with the experi- 
mental ultimate recovery. Results indicate that the 
saturation figures used are very nearly correct. 


TABLE 4—-CHARACTERISTICS OF SANDS 


Nominal Size Permeability Porosity Density 
Darcy gm/cc 
0.040 —0.060 0.078 + eZ 1133 0.38 2.645 
0.066 —0.078 8.7 


0.055 —0.066 39.3 


0.033 —0.039 


0.023—0.053 0.2 

0.030 —0.045 0.047 —0.055 18.3 554 0.375 2.645 
0.039 —0.047 47.8 
0.033 —0.039 
0.023 —0.033 9.5 
0.023 and less 12 

20—30 mesh 0.023 —0.033 99.3 292 0.35 
0.016—0.023 0.7 


APPENDIX IV 


DISCUSSION OF CAPILLARY FORCES 


Strictly speaking, our scale model results apply only 
to an unconsolidated sand in the field. Therefore, the 
ratio of capillary height to total height used in our 
theory to fit the model results will apply only to an un- 
consolidated sand in the field of the characteristics dis- 
cussed under Scaling. For consolidated porous media, 
the scaling would be slightly different and would be 
such as to decrease the importance of the capillary 
height h.. This may be seen from the following con- 
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siderations: The permeability can be written approxi- 
mately as 

k ~ cfFd’ 
where c is a constant, f is the porosity, F is the lithology 
factor, and d is some sort of average pore diameter. Let 
the subscript m represent quantities in the model and 
r quantities in the field. Then 


Kas fF Fin 


da 

In scaling unconsolidated sands, we have F,, = F, and 
fm =f,. But if we attempt to represent a consolidated 
porous medium by an unconsolidated sand then we 
must recognize that F,,/F, will have a value of from 2 
to, say, 6. Taking 4 as an average and taking f../f, = 2, 
we have for consolidated porous media in the field and 
unconsolidated in the laboratory 


Let us suppose that we have performed some model ex- 
periments where k,,/k, = A. We wish to know what pore 
diameter this would correspond to in the field. Thus, 


Our factor d/A must be multiplied by eight to give the 


correct pore diameter for a consolidated medium in the 
field. Therefore a scaled consolidated medium would 
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have \/8 or 2.8 times the average pore diameter of a 
similarly scaled unconsolidated medium. The corre- 
sponding capillary height would therefore be less than 
half as high in the consolidated core as in the uncon- 
solidated. 

This result is reasonable if we recognize that in con- 
solidated porous media the flow path will be much more 
tortuous and will have a greater size variation than in 
unconsolidated media. Therefore, to have the same per- 
meability, we must make our average pore channels 
larger in the consolidated media. If we make the chan- 
nels larger, then the capillary effects will be less than 
those in unconsolidated media of the same permeability. 
In view of this result, we can expect the ratio h./h; to be 
somewhat less important for consolidated media than for 
unconsolidated. 

Fortunately, however, we do not need to depend on 
our scaled results to predict field performance. The 
scaled results were used to confirm a theory of gravity 
drainage performance, and this being confirmed, the 
theory may be used alone to predict field performance. 
Therefore, we should expect to be able to predict field 
performance for consolidated media from our theory 
alone. 

Some example curves of gas-oil capillary pressures in 
the presence of connate water show that the capillary 
pressure at, say, 70 per cent oil saturation is only ~ 1 
psi. This would give h. ~ 2.5 ft. 
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ABSTRACT 


Several methods are now being used by the industry 
for determining the gas-oil flow characteristics of reser- 
voir rock samples. Most of the laboratory experimental 
methods can be classified either as steady-state, unsteady- 
state, or Hassler-type tests. Although the validity of the 
results obtained by any specific method is not questioned, 
in general, the complexity of these methods leaves much 
to be desired. This investigation dealt primarily with the 
development of a simplified unsteady-state (gas drive) 
laboratory test method for measuring k,/k, relationships 
of small core samples. A procedure for selecting uniform 
and representative sandstone rock samples was developed 
since it was observed that the reliability of the test results 
was dependent upon having a sample which was uniform 
in porosity and permeability. The importance of factors 
known to influence the results of this type test, such as oil 
viscosity, gas expansion, and pressure differential were 
evaluated. The method of calculating the test results was 
found to give valid data over a wide range of gas expan- 
sion. The limits of pressure differential and oil viscosity 
which would insure reliable results were defined. In com- 

parison with other presently used testing methods, the gas 
drive method requires considerably less apparatus, is less 
time consuming, and is more readily adaptable to a rou- 
tine type core test. 


INTRO DU 


The determination of the gas-oil flow characteristics of 
reservoir rocks has been given concentrated study by the 
oil industry for the past decade. Both analytical and 
experimental methods have been considered. The ana- 
lytical methods have generally relied on a simplified 
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characterization of porous materials in order that the 
fundamental laws of fluid flow and capillarity could be 
utilized. More direct experimental methods have been 
proposed by numerous production research laboratories 
with the primary goal being a simple and inexpensive, yet 
reliable method for measuring the gas-oil flow character- 
istics of reservoir rock samples. 

The experimental methods which have been reported 
in the literature generally can be grouped into one of the 
following classifications: 

1. Steady state’*** in which a fixed ratio of flowing 
fluids is forced through the test sample until equilibrium 


_ conditions of saturation and pressure gradient are estab- 


lished. 

2. Hassler or stationary liquid method’*’ in which a 
uniform liquid saturation is attained, usually through 
capillary desaturation, then gas or oil is flowed through 
the sample at a pressure drop insufficient to disturb the 
pre-established saturation. 

5. Non-steady state method**”” in which only the gas 
phase is injected into the sample, causing displacement of 
the oil phase and resulting in a system of continually 
changing average saturation and saturation gradient. 


The steady-state and Hassler methods have been most 
popular because, no doubt, of the simplicity of the actual 
relative permeability calculations. The problems involved 
in these methods were limited to apparatus design and 
measurement techniques. In the steady-state method, for 
instance, a constant flowing fluid ratio is established 
which, at equilibrium, results in an essentially uniform 
saturation over the entire length of the test sample. 
Therefore, the basic flow characteristics could be ob- 
tained by correlating the average saturation of the test 
sample with the k,/k, determined at various flowing gas- 
oil ratios. 


1References given at end of paper. 


to 
at 


The non-steady state method, although by far the most 
simple to perform experimentally, presents difficulties in 
the calculation of valid relative permeability characteris- 
tics’. In a gas drive, there is an inherent saturation gradi- 
ent; the volumes of gas and oil flowing in the test sample 
change continuously from the upstream to the down- 
stream end so that there is an ever-changing gas-oil ratio 
at each plane in the core. Therefore, a correlation of 
average saturation and relative permeability ratio, based 
on produced oil and gas, does not give valid flow rela- 
tionships. This difficulty in calculating valid relationships 
was alleviated to a great extent by Welge” who derived 
from the Buckley and Leverett frontal drive equation an 
expression for determining the saturation at the outlet 
face of the sample. This permits correlation of the rela- 
tive permeability ratio with the compatible saturation. 

In deriving his equations, Welge made the following 
assumptions: (1) a linear and homogeneous system, (2) 
negligible capillary pressure gradient in the system, (3) 
the stabilized zone of saturation at the gas-oil front has 
passed through the system, and (4) incompressible fluids. 
Provided the laboratory measurements can be made in 
conformance with the conditions above, or at least to con- 
form to those conditions which influence the test results, 
then theoretically the results of gas drive tests would give 
valid relative permeability relationships. 

Gas-oil relative permeability characteristics obtained 
by steady-state methods have, in the past, been observed 
to give basic flow relationships which can be used to 
accurately predict laboratory frontal displacement proc- 
esses. For this reason, the gas-oil relative permeability 
relationships obtained by the steady-state method are 
believed to be valid indications of true flow behavior and 
were used as a basis for comparison with the gas drive 
results obtained. 

This investigation dealt primarily with the develop- 
ment of appropriate testing apparatus and the evaluation 
of the gas drive method of measuring relative permeabil- 
ity relationships. The importance and influence of the 
conditions imposed by Welge were also determined. 


APPARATUS 


Displacement tests on small core samples usually rely 
on gravimetric or electrical conductivity measurements 
for determining the average liquid saturation due to the 
very small volume of fluids involved. The successful use 
of the gas-drive technique utilizing Welge’s method of cal- 
culation demands a non-intermittent type test wherein the 
average saturation of the core can be continually and 
instantaneously determined. The gas-oil separator and 
volume measurement device designed for this apparatus 
fulfills these requirements. 


The test apparatus used in this investigation is shown 
schematically in Fig. 1. The apparatus includes instru- 
mentation for injecting air or nitrogen, at a constant 
upstream pressure, into the initially completely oil-satu- 
rated core. The flowing fluids are confined to the pore 
space of the sample by sealing the outer surface of the 
rock with plastic. Means is provided for separating and 
measuring the produced oil and gas volumes. A similarly 
designed set-up can be used on cores retained in Hassler- 
type rubber sleeve core holders. 


The most important part of this apparatus, the gas-oil 
separator, is shown in a detailed cross section in Bigg: 
The separator consists of a semi-permeable, closely 
woven, cloth barrier (air-oil displacement pressure ap- 
proximately 0.5 psi) connected through a continuous oil 
column to a 2.0 cc graduated pipette (graduations in 0.01 
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cc). The free oil level in the pipette is maintained 8 to 
10 in. below the center line of the core, thereby causing 
the oil saturated barrier to act as a blotter and absorb, 
almost instantaneously, any oil coming in contact with it. 
The clearance between the outlet core face and barrier 
was found to be of extreme importance. If the clearance 
is too large, the oil is not absorbed by the barrier imme- 
diately as it is produced from the core, thereby creating 
a lag in the determination of the saturation of the core. 
Too narrow a clearance results in capillary contact be- 
tween the barrier and outlet core face thus causing gas 
to break through the barrier rather than seek its own 
outlet. A gap of 0.007 in. between core and _ barrier 
was found, by experience, to be suitable and was used 
throughout this investigation. 


PROCEDURE 


SELECTION OF TEST SAMPLES 


Initial selection of samples to cover the reservoir range 
of porosity and permeability is accomplished from a plot 
of permeability vs porosity using data on all available 
formation samples which were cut parallel to the forma- 
tion bedding planes. A trend in this plot will usually be 
observed; thus the test samples are selected from those 
samples which agree with the general trend. It has been 
observed that, in many cases, samples selected in this 
manner will show a uniform change in capillary prop- 
erties, thereby eliminating the necessity of obtaining 
capillary pressure curves simply for the purpose of select- 
ing representative samples. 


The selected samples are then visually examined to 
eliminate those with obvious fractures, stratifications, or 
other conditions producing a non-uniform sample. The 
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remaining samples are subjected to an X-ray examination 
whereby differences in rock density (i.e. porosity) become 
evident. Samples showing wide variations in density with 
length are discarded. The final test of the homogeneity 
of the test sample is made by comparing the results of 
two gas-drive tests made by flowing through the core in 
opposite directions. If the results obtained are different, 
the sample is discarded. Those samples passing these 
screening tests are believed to be not only uniform but 
also representative of a given porosity-permeability sec- 
tion of the reservoir. 


Gas-DRIVE TEST 


The test procedure consists of initially saturating the 
test sample with a 25 cp oil (C,, - C,. + mineral oil), then 
placing it in the apparatus as shown in Fig. 1. The gas 
volumeter is zeroed and the oil pipette reading is re- 


corded. Gas injection, at a pre-determined pressure, is— 


then started. The produced oil volume and elapsed time 
are recorded at pre-determined produced gas volumes. 
On completion of the test, usually after 1,500 cc of gas 
have been produced, the core sample is removed from the 
apparatus and weighed as a check on the produced oil 
volume. 

The k,/k,-saturation relationships were calculated from 
the test data using the method proposed by Welge. 


DISECUSSION.AND, RESULTS 


VARIABLES AFFECTING TEST RESULTS 
HOMOGENEITY OF TEST SAMPLE 


One of the conditions imposed in Welge’s derivation is 
that the system be homogeneous and linear. All of the 
systems tested in this investigation were linear. The con- 
dition of homogeneity inferred not only a uniform porous 
system, but also a system of constant fluid properties and 
constant driving force. The latter two requirements can 
be readily satisfied. At the outset of this investigation, the 
degree of the non-homogeneity of reservoir rock samples 
was not, in all cases, realized. It was recognized that 
limestone formations having vuggy, solution, or fracture 
type porosity are best represented by the largest possible 
sample. A limestone can contain pores as large as con- 
ventional core plugs; therefore, a large sample is neces- 


sary in order that the test sample contain a representative — 


distribution of pores of all sizes. In sandstones, however, 
it was reasoned that since the porosity is composed of a 
large number of minute pores, all having the same general 
configuration, then a conventional core plug would con- 
tain a sufficient number of pores to be macroscopically 
homogeneous. This investigation indicated, however, that 
macroscopic inhomogeneities are common even in small 
sandstone core plugs, and that these inhomogeneities re- 
sult in the measurement of flow relationships which can- 
not be applied to the prediction of reservoir performance. 

Initial gas drive relative permeability tests were made 
on cores which had previously been subjected to steady- 
state gas-oil relative permeability tests and which had 

“been selected more or less randomly with only visual 
examination to eliminate non-homogeneous samples. It 
was observed that the results obtained by the two methods 
were in good agreement on the homogeneous samples, but 
showed wide variation on non-uniform samples. 

Ten samples were tested by both the steady-state and 
gas drive methods. Four samples showed good agreement 
between the results of the two tests, as illustrated in Fig. 3. 
The remaining six samples showed poor agreement with 
differences as high as 13 per cent saturation at a given 
k,/k,. An example of the results obtained on a non- 
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homogeneous sample is shown in Fig. 4. Under close _ 
visual examination, some of the six samples showed inho-. 
mogeneities in the form of thin shale streaks. All six 
samples showed wide variations in textural uniformity 
when subjected to X-ray examination. The four samples 
showing good agreement were indicated to be uniform by 
both visual and X-ray examination. 


In view of the influence of the homogeneity of the test 
sample on gas drive test results, a procedure (previously 
outlined) for screening out those samples which are not 
homogeneous was developed. This procedure relies on 
an X-ray scan of the samples to eliminate those having 
variations in density (porosity) along the length of the 
sample. The X-ray scan, however, is completely insensi- 
tive to permeability variations caused by fractures or 
laminations running parallel to the long axis of the core. 
It is therefore necessary, when possible, to identify these 
irregularities by visual examination or other means. As a 
result of a close examination of sandstone core plugs, it 
is apparent that they can vary in porosity and permeabil- 
ity from one end to the other and that these variations, 
when of large magnitude, can influence flow behavior to 
such an extent that it is doubtful if either the steady-state 
Hassler, or gas drive methods will yield true basic flow 
relationships. 


The homogeneity requirement of test samples raises a 
question as to the applicability of laboratory data to res- 
ervoir analysis since the non-homogeneous samples are 
also a part of the reservoir. The answer to this lies in the 
fact that non-homogeneity of pore arrangements in small 
core plugs is statistically averaged out considering the 
gross reservoir or large portions of it. Variations in per- 
meability and porosity in the small test sample can be of 
major proportions compared to the sample size, but are 
believed to be of minor significance when compared to 
the reservoir as a whole. It is reasoned, therefore, that 
homogeneous core samples which are representative of 
the various major individual reservoir strata can be used 
to measure true reservoir fluid-flow behavior. 


CAPILLARY PRESSURE GRADIENT 
Welge’s solution cf the frontal drive equation to define 
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the saturation at the end of the core assumes that there 
is no capillary effect present. Actually, this is not true 
in a porous system during a gas drive type of displace- 
ment. There is a boundary condition, usually referred to 
as “end effect”, and a stabilized zone. The stabilized zone 
is the position of the greatest capillary pressure gradient, 
but the limitation that this method of calculation is not 
valid until this zone has passed out of the core greatly 
minimizes the influence of a capillary pressure gradient. 
The saturation gradient (as determined by using X-rays) 
in a core being gas driven has indicated that even after 
passage of the stabilized zone the “end effect” in the sys- 
tem can be appreciable. This, of course, can be minimized 
by use of relatively high flowing pressure gradients. The 
magnitude of pressure differential required to minimize 
“end effect” was studied on more than 20 samples 
whose oil permeabilities varied from 2.3 to 3,470 md. 
Examples of the data are shown in Figs. 5 and 6. At no 
time was the pressure differential required to minimize 
“end effect” of such magnitude that it interfered with 
the taking of sufficient test data. Fig. 5 illustrates the 
movement of the computed k,/k, curve to the right 
(greater displacement efficiency) as the pressure gradient 
is increased. A reproducible curve, however, is finally 
attained and further increases in pressure gradient in- 
fluence only the lower portion of the k,/k, curve. It was 
observed that the magnitude of pressure differential re- 
quired to minimize “end effect” varied in an inverse 
manner with the permeability of the core. In Fig. 6, con- 
tinued movement of the k,/k, curve to the right at lower 
gas saturations is observed with increased pressure dif- 
ferentials. This movement is not considered to be a reflec- 
tion of “end effect” but rather to be an influence of the 
passage of the “stabilized zone”’. 


PASSAGE OF THE “STABILIZED ZONE” 

It was necessary for Welge to assume in his derivation 
that the zone of stabilized saturation gradient between 
the gas and oil had passed out of the system. This condi- 
tion is readily fulfilled in most field gas drive operations 
in partially depleted reservoirs. However, in laboratory 
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gas drive tests a “stabilized zone” tends to form which, 
for a short period of time, occupies a finite portion of 
the test sample thereby affecting a measurable portion 
of the producing history. The test results obtained prior 
to passage of the “stabilized zone” are not valid; there- 
fore, in order to obtain valid measurements over as wide 
a saturation range as possible, it is advantageous to re- 
duce the range of saturation influenced by the “stabilized 
zone”’. 

If it is assumed that a true “stabilized zone” forms in 
laboratory gas drives on short porous systems, then it 
can be shown from the Buckley and Leverett equations 
that the saturation at which this zone has passed out of 
the system is inversely related to the viscosity of the dis- 
placed liquid, and that the length of the “stabilized zone” 
is inversely related to the injection rate (pressure differ- 
ential). The influence of injection rate, or pressure dif- 
ferential (over and above that required to minimize “end 
effect”), on the computed gas-oil relative permeability 
ratio characteristics of a Torpedo sandstone core is shown 
in Fig. 6. It will be observed that as the pressure differ- 
ential is increased from 30 to 80 cm of mercury, a no- 
ticeable change in the k,/k, relationships was obtained. 
However, further increase to 105 cm of mercury caused 
very little change in the results. A possible explanation 
for this behavior is as follows: 

A computation of the average gas saturation at the 
time the “stabilized zone” has passed out of this Torpedo 
core when using a 25 cp oil indicates that saturation to 
be approximately 8 per cent. In this figure, however, it 
will be noted that the &,/k, relationship computed from 
the results of four different tests do not coincide until the 
average gas saturation is approximately 30 per cent. This 
apparent 22 per cent lag in the coincidence of the com- 
puted curves after passage of the “stabilized zone” is 
attributed to the influence on the calculated k,/k,’s of the 
volume of gas produced before passage of this zone. If 
it were possible to pre-determine the saturation at which 
the “stabilized zone” has passed out of the core, then by 
computing the injected gas volumes from that saturation 
forward, no influence of pressure differential on the data 
as shown in Fig. 6 would possibly be observed. However, 
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since this saturation can only be determined after the 
true k,/k,-saturation relationship has been obtained, it 
is necessary to initiate the computation of the injected 
gas volume at the start of the test. If the volume of gas 
injected (or produced) before passage of the ‘“‘stabilized 
zone” is large, for convenience referred to as V,, this 
volume will influence subsequent calculation of the in- 
jected volumes after passage of the “stabilized zone” 
(V,) until the volume V, becomes negligible compared 
to V,. In Fig. 6, for instance, in the lowest pressure dif- 
ferential test, even though the “stabilized zone” was com- 
puted to have passed out of the core at an approximate 
saturation of 8 per cent, the volume of gas injected be- 
fore passage of this zone is of sufficient magnitude to 
affect subsequent calculation of the injected volumes up 
to an approximate saturation of 30 per cent. In order to 
minimize the influence of the passage of the “stabilized 
zone” on computed k,/k, relationships it is therefore ad- 
vantageous to perform the tests at high injection rates, 
(pressure differentials) so that the “stabilized zone” 
length is small and the volume of gas injected (or pro- 
duced) before passage of this zone is at a minimum. The 
results shown in Fig. 6 for the 80 and 105 cm tests 
show good agreement and therefore indicate that a pres- 
sure differential of 80 cm of mercury is sufficient, in this 
case, to maintain a short “stabilized zone” length. 

As a result of this investigation a “rule of thumb” was 
established in order to aid in pre-determining the con- 
ditions under which the effect of the passage of the “sta- 
bilized zone” on the computed results would be small. 
This rule was that the pressure differential should be of 
such magnitude that a volume of gas approximately 
equal to one-half the pore volume of the test sample 
would be produced at the downstream pressure condi- 
tions in a time interval of 60 seconds or less. This insured 
not only that the passage of the “stabilized zone” would 
have negligible influence on the results, but also that 
the pressure differential was sufficiently high to minimize 
the influence of “end effect”. 


The data presented in Fig. 7 illustrates the influence 
of oil viscosity upon the “stabilized zone” in gas drive 
relative permeability tests. It will be observed in this 
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figure that at gas saturations above 15 to 20 per cent, the 
results obtained using the 1.3, 25,:125, and 260 cp oils | 
are in good agreement. However, at lower saturations the 
data obtained with the 1.3 cp oil do not agree with the 
other results. A computation of the average gas satura- 
tion at the time when the “stabilized zone” had passed 
out of the core when using the 1.3 cp oil indicated this 
saturation to be approximately 19 per cent. Similar com- 
putations for the 25 and 125 cp oils indicated these 
saturations to be 8 per cent and 6 per cent, respectively. 
It must therefore be concluded that the data obtained 
when using the 1.3 cp oil at saturations less than 19 per 
cent are influenced by the “stabilized zone” and therefore 
are not valid measurements. The data obtained using the 
more viscous oils are valid over the entire range of satu- 
rations at which measurements were taken. 


It is, of course, advantageous to use the least viscous 
oil possible in gas drive tests to speed up the testing time 
and to reduce the time necessary to saturate the test 
samples. Based on experience, an oil having a 25 cp 
viscosity was found to be the most suitable from this 
standpoint and also from the standpoint of reducing the 
influence of the “stabilized zone” on the resultant meas- 
urements. When using an oil of this viscosity, a test on 
a 1%2-in. sample having 300 mds or more permeability 
can be completed in 15 minutes or less; whereas, on sam- 
ples having permeabilities of approximately 1 md, tests 
may take as long as two to four hours. 


USE OF COMPRESSIBLE FLUIDS 
The Buckley-Leverett frontal advance equation upon 
which Welge’s derivation is based assumes that the same 
volume of fluid flows at every point in the system. This 
is not true when a gas is flowing since the gas volume in- 
creases as it moves through the sample to lower pres- 
sures. The possible solution to this problem is to make 


the operating static pressure high compared to the pres- 


sure differential so that the increase in gas volume is 
small. It was Welge’s opinion” however, that gas ex- 
pansion may not be an important factor and that comput- 
ing the gas volume at the mean pressure of the system 
might give sufficiently accurate results. 
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In the progress of this investigation, approximately 25 
samples from different sandstone producing formations 
and varying widely in permeability and porosity were 
tested to determine the influence of gas expansion on 
measured k,/k, characteristics. Examples of those results 
on one of the test samples is shown in Fig. 8. In this ex- 
ample it will be observed that the only difference in the 
two tests was the magnitude of static pressure on the sys- 
tem. The results in Fig. 8 represent gas expansions of 1.4 
and 7.3 times. This means that in one case the volume 
of gas flowing at the downstream face was 7.3 times as 
great as the volume flowing at the upstream face. In the 
second case, the downstream volume was only 1.4 times 
as great as the upstream volume. No difference in com- 
puted k,/k,-saturation relationship exists between the two 
tests. 

These results indicate that k,/k,-saturation relation- 
ships calculated from gas-drive data using Welge’s method 
of calculation are not influenced by gas expansion. 
Elimination of the necessity of making the tests at high 
static pressures greatly simplifies the apparatus required 
and thereby reduces the cost of making these tests on a 
routine basis. 


INFLUENCE OF IMMOBILE WATER SATURATION 
ON TEST RESULTS 


The presence of a third phase in two-phase relative 
permeability measurements many times complicates not 
only the sample preparation but also leads to difficulties 
in interpretation of the test results. During the course 
of this investigation, samples from several reservoirs were 
available which had been cored using crude oil as the cir- 
culating medium. These samples arrived at the laboratory 
canned in the drilling fluid, and therefore were believed 
to be as nearly representative of “native state” reservoir 
conditions as possible. Samples from these cores were 
subjected to gas drive tests without cleaning and while 
the sample still retained the reservoir connate water; the 
reservoir crude and any gas present, however, were re- 
placed with the refined 25 cp oil. After the gas drive 
tests on the “native state” cores, the samples were cleaned 
and re-saturated with the 25 cp oil; no attempt was made 
to re-establish connate water saturations in the samples. 
Gas drive tests were again made using test conditions 
the same as those used initially. The magnitude of con- 
nate water saturation in the samples varied from 5 to 
35 per cent. Samples which were tested covered those 
classified as being water-wet plus those classified as be- 
ing oil-wet. In the majority of cases, the presence or ab- 
sence of immobile connate water had no measurable in- 
fluence on the measured k,/k, characteristics, In the 
tests on the “native state” cores, as in the tests on the 
cleaned cores, the gas saturations and injected gas vol- 
umes were computed on the basis of the total pore vol- 
ume of the samples. 

In several tests on “water-wet” samples which con- 
tained a mobile water saturation, the results were found 
to be changed when the water was removed. Similar re- 
sults were obtained on “native state” oil-wet samples 
which had been contaminated by aqueous mud filtrate 
invasion. In this case when the sample was flushed with 
25 cp oil, a portion of the invaded water plus the crude 
oil and gas were removed from the samples. The filtrate 
water remaining in the core was immobile, but due to 
its position in the rock pore space as a non-wetting phase, 
the measured gas-oil relative permeability characteristics 
were greatly altered {rom the true flow behavior. 

The gas drive method was found to be satisfactory 
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for testing and retesting cores with immobile connate 
water without serious reduction of the water saturation. 


CONCLUSIONS 


1. A gas drive method for measuring the gas-oil rela- 
tive permeability characteristics of sandstone cores was 
evaluated and found to give results compatible with those 
obtained by the steady-state method. The gas drive 
method, however, is an_ improvement over other pres- 
ently used methods in that it is more rapid and less com- 
plicated, thus better suited to a semi-routine type test. 

2. Core plugs of reservoir rock must be screened for 
textural uniformity to provide samples for testing that 
will produce usable results for reservoir performance pre- 
dictions. 
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PRACTICAL SOLUTION of GAS-FLOW EQUATIONS for WELLS 
and PIPELINES with LARGE TEMPERATURE GRADIENTS 
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MEMBER AIME SVILLE, OKLA. 


ABSTRACT 


Rigorous equations for calculating subsurface pres- 
sures in flowing and static gas wells, and pressures 
along horizontal pipelines are presented in this paper. 
These general equations, based on the mechanical en- 
ergy balance, contain no assumptions regarding tem- 


perature and can be used with either straight-line or - 


curved temperature gradients. The friction factors rec- 
ommended in this report are based on an absolute 
roughness of 0.0006 in. Flow is always considered to 
be turbulent. 

Although these general flow equations are solved by 
numerical means, the methods are as convenient as 
many of those used today to calculate pressures in gas 
wells and pipelines. These numerical methods are il- 
lustrated for flowing and static columns of gas in wells 
and for flow in pipelines. The authors believe that the 
use of these methods will result in more accurately cal- 
culated pressures in gas wells and pipelines and that 
the methods are more flexible than any in use at the 
present time. Also, the methods are easily adaptable to 
automatic computers. 


LO. N 


The problem of calculating subsurface pressures in 
gas wells and along flowing pipelines has been studied 
by many investigators with the results that two widely- 
used methods have been presented in technical liter- 
ature. One approximates conditions in a gas well or 
pipeline by assuming that temperature and compressi- 
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bility are constants for the entire gas column. The 
other method assumes that temperature is constant at 
some average value but permits compressibility to vary 
with pressure at the constant temperature. While these 
approximations may be justified for relatively shallow 
and low-pressure wells, they become more and more 
unrealistic as the calculations are applied to the deeper 
high-pressure wells. In wells or pipelines where there 
is an appreciable change in temperature between the 
inlet and outlet ends of the flow string, it is equally as 
important to consider the change in compressibility with 
temperature as it is to consider the change with pres- 
sure. Consequently, the methods presented in this paper 
were developed to provide a workable procedure for 
calculating pressures in gas wells and pipelines which 
makes no assumptions regarding either temperature 
or compressibility. 

The friction factors recommended for use with the 
equations were the result of study of published liter- 
ature and extensive experimental work with gas wells. 
The F, values in Appendix IV which contain the fric- 
tion factor are equivalent to an absolute roughness of 
0.0006 in. as calculated by the Nikuradse equation’. 
The absolute roughness of 0.0006 in. was previously 
published by Cullender and Binckley’ for gas wells; it 
is in agreement with 0.00065 in. of Smith, Dewees, 
and Williams’ for gas wells and 0.00065 in. of Baker 
and Swerdloff' for pipelines; it is in reasonable agree- 
ment with 0.0007 in. reported by the Bureau of Mines 
and the American Gas Assn.’ for large transmission 
lines. However, any type of friction factors may be used 
in the equations by a change in the F, values in Ap- 
pendix IV. 


References given at end of paper. 
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GENERAL FLOW EQUATION AND 
DEVELOPMENT OF VARIOUS FORMULAS 
FOR FLOW OF GAS IN PIPES 


If it is assumed that the change in kinetic energy 
due to the flow of gas is negligible, the general equa- 
tion for the flow of gas in inclined pipes may be ex- 
pressed as follows: (For derivation see Appendix 1) 


GENERAL FLOW EQUATION 


P, 
Where, 
G = Specific gravity (Air = 1.00) 
H = difference in elevation, ft 
L = Length of pipe, ft 
P = Pressure, psia (P? in thousands ) 
Q = Rate of flow, M’cf/D @ 14.65 psia and 
60°F 
T = Absolute temperature, °R 
Z = Compressibility factor, dimensionless 
d = Internal diameter, inches 
f = Coefficient of friction, dimensionless 
If we let 
{OQ (2) 
d 
then 
P, 
1000GL = [ me H (3) 


53.33 | & SPITZ): 

Without making certain with respect 
to T and Z, Eq. 3 does not lend itself to mathematical 
integration; however, an evaluation of the integral over 
definite limits can be accomplished by numerical means. 

In order to evaluate numerically the integration 


P/TZ a(P) 


(4) 


| 
it is necessary to calculate the value ot] F? + (P/TZ)* 


for P, and appropriate values of P, where (i = 0, 1, 2, 
3 - -- n). If we let 


P/TZ 
= (5) 
F? + H (P/TZ)* 

then 

[ Ps P/TZ d(P) 

F? + H (P/TZ)" 

16 


Where the variation of temperature with length is 
known, it is necessary to select appropriate values for 
the length; determine the temperature T and deter- 
mine P, by trial and error so that 


232 


(7) 
(P; — PJ (8) 
37.5 GL = [(P, — +1) + + 


The method is rather tedious if a bine femee of 
increments are chosen for L; however, by means of a 
two-step calculation and the application of Simpson’s 
rule, reasonable accuracy can be obtained (see Ap- 
pendix II). 


THE HORIZONTAL FLOW EQUATION 
For horizontal flow, H = 0, and Eq. 3 becomes 


1000 GLF? 
Ps 
and Eq. 9 becomes 
Ge 
where 


INCLINED STATIC COLUMN 


For a static column of gas Q =0, consequently 
F’ = 0, then Eq. 3 may be expressed as follows: 


GH Pr FZ 
Where 
P. = shut-in wellhead pressure, psia 
P, = formation pressure, psia 
and Eq. 9 becomes 


where, 

P 


POSITIVE INCLINED FLOw EQuaTION 
PRODUCTION IN A GAS WELL 


For positive (upward) inclined flow, Eq. 3 becomes 


Where, 
P.. = flowing wellhead pressure, psia 


P. = flowing sandface pressure, psia 
and Eq. 9 becomes, 


31.9. GH=| (RE Ph P,) (2+ 1,) + 
where 
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NEGATIVE INCLINED FLOw EQuaTION 
GAS INJECTION IN A WELL 


For negative (downward) inclined flow, Eq. 3 be- 
comes, 
P. P/TZ d(P) 


L + (P/TZ)* 


1000 GH = [ 


(19) 


and Eq. 9 becomes 


— 1.) + (P. — Us + 4) + 


where 
= 
H 


Eqs. 9, 11, 14, 17 and 20 are adaptable for auto- 
matic computation by computors having internally 
stored programs. Gas compressibilities for the expected 
range of pressures, temperatures, and specific gravities 
should be stored in the machine. 


COEFFICIENT OF FRICTION 


In the determination of the values for J in the various 
flow equations it is necessary to evaluate the term 


For the purposes of this report, the value of f in the 
above equation has been used as: 


(4.372 x 10°) 
(22) 
for pipe diameters of less than 4.277 in. and, 
(4.007 x 


for pipe diameters of greater than 4.277 in. Eqs. 22 
and 23 are equivalent to a weighted average absolute 
roughness of 0.0006 in. as calculated by the Nikuradse 
rough-pipe equation’. 


If we let 
.6665 f)* 
(24) 
d 
then 
where 
(26) 
da” 
for pipe diameters of less than 4.277 in. and, 
0.10337 


for pipe diameters of greater than 4.277 in. Calcu- 
lated values of F, for various sizes of pipe are given 
in Appendix III. 
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The various tables and forms necessary for the utili- 
zation of the various flow equations and example cal- 
culations are shown in Appendix IV. 


This paper is presented by permission of Phillips 
Petroleum Co. 
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APPENDIX I 


DEVELOPMENT OF GENERAL EQUATIONS 
FROM MECHANICAL-ENERGY BALANCE 


The concept of conservation of energy is usually the 
basis of any study of fluid flow through either hori- 
zontal or vertical channels or through orifices. The de- 
velopment of the basic equation for fluid flow has been 
given in technical literature and text books by many 
investigators. The differential equation for flow of 
fluids is 


UdU 


Qo 


vdp + dH + 


where, 


v = specific volume, cu ft/Ib 


a 
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SURFACE 


Fic. 1—RELATIONSHIP BETWEEN LENGTH OF PIPE AND 
VERTICAL PENETRATION FOR A GAS WELL. 


p = pressure, lb/sq ft 

H = difference in elevation, ft 
U = velocity, ft/sec 

g = conversion factor = 32.17 


Eq. I-1, ordinarily is applied to the flow of fluids but 
it is equally useful in a study of static columns of gas 
in wells where there is no flow. In a static gas column, 
the kinetic-energy and the friction-energy* terms are 
zero. Eq. I-1, applicable to 1 1b of fluid flowing from posi- 
tion 1 to position 2, states that the energy available from 
the flow process is equal to the energy required to lift 
1 lb of fluid through the vertical distance dH plus the 
energy involved in the change in velocity plus the energy 
transformed into heat by frictional resistance. If the 
flow of gas is upward, the term dH has a positive sign; 
for downward flow as in injection wells, it has a nega- 
tive sign; and for horizontal flow, the term dH is zero. 

If Eq. I-1 is applied to the upward flow of gas in a 
well illustrated by Fig. 1 and the frictional resistance 
term dw, for a circular cross section is defined by: 


lI 


irreversible energy loss, ft-lb 


4fU dL 


where, 
f = coefficient of friction, dimensionless 


D = internal diameter of pipe, ft 
Eq. I-1 becomes: 


vdp + dH + =3)) 
As 
(See Fig. 1) 
dv 
dd — 
an U 


where, 
N = rate of flow, lb/sec 


A = area, sq ft 


*In this paper, the term Wr is designated as the energy trans- 
formed into heat by friction, However, Eq. I-1 is applicable to 
systems where energy losses occur such as liquid slippage that 
are in addition to the friction loss. 
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Eq. I-3 becomes: 


— + —=0. . (I-4 


By changing the signs for integration from position 2 
to position 1, and rearranging, Eq. 4 becomes: 


dp N’dv 
aL = v 8 A’y (1-5) 
2fN? 
.gDA* 


By substituting the following statements of the gas 
laws 


bTZ bTZdP 
where, G 


P = pressute, psia. 
into Eq. I-S and making the proper conversion of 
units, and indicating the integration, the result is: 


1000 GL 


JP 


where: 


7 — 9 
F* = 2.6665 


The resulting kinetic-energy term has been omitted 
in Eq. I-6 as it is considered negligible in compari- 
son with the other terms. The example published by 
Smith’ for a gas well with a flow string of 5%4-in. 
casing in the Panhandle field, Tex., producing at a 
rate of 5,800 Mcf/D showed that only 0.05 per cent 
of the available energy was involved in the kinetic 
energy change. Other investigators have shown that 
the kinetic-energy change is negligible for pressures, 
rates of production, and sizes of pipe used in gas 
wells and pipelines. 


Py 


OF INTEGRAL IN FLow EqQua- 
TIONS BY THE TRAPEZOIDAL AND SIMPSON’S RULEs. 
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SIN =—— 
| 
| 
| 
~ 
I Ie I, Ip 


_ As the subsurface temperatures in flowing and shut- 
in gas wells are independent of pressure and as the 
compressibility of the flowing gas is a function of both 
pressure and temperature, integration of Eq. I-6 must 
be accomplished by graphical or numerical proce- 
dures. Eq. I-6 is considered general for the flow of 
gas in circular cross-sections because it contains no 
approximations regarding temperature and compres- 
sibility. No attempt in this report has been made to 
approximate the flow process in a gas well by con- 
sidering the temperature or compressibility to be con- 
stant at effective values. The accuracy of Eq. I-6 for 
the calculation of subsurface pressures in a flowing 
gas well depends on the accuracy with which the coef- 
ficient of friction, f, is known for the flow string. Also, 
the accuracy of Eq. I-6 is directly related to the ac- 
curacy of the subsurface temperatures used in the 
equation and the precision with which the compres- 
sibility of the gas can be estimated for given pres- 
sures and temperatures. 


APPENDIX II 


APPLICATION OF TRADEZOIDAL AND 
SIMPSON’S RULES TO NUMERICAL 
INTEGRATION OF THE FLOW 
EQUATIONS 


All of the flow equations may be written in the 
following general form for two-step numerical inte- 
gration: 


= 
2 


where K is a constant containing all terms except 
length L on the left side of the flow equations. For any 
given length, the value of the integral is known. As 
temperature along the gas column is known by prior 
knowledge, pressure and the corresponding compres- 
sibility for 7, and J, must be selected by trial and er- 
ror so that the equality of Eq. II-1 is satisfied. 


Eq. IJ-1 shows a numerical method known as the 
trapezoidal rule’ for evaluating areas as illustrated in 
Fig. 2. The first term on the right of Eq. II-1 repre- 
sents the area of the trapezoid on Fig. 2 bounded by 
I,, P., Ps, I, and the dashed line. The second term 
represents the second area J,, P,, P:, 1, and the other 
dashed line. If the solid curve is the true relationship 
between J and P, the trapezoidal-rule evaluation of 
the area is in error by the small areas between the 
dashed lines and the curves. 


If (P; — P.) is equal to (P, — P,) or is very nearly 
equal, Simpson’s rule’ may be applied to evaluate the 
area in Fig. 2. Then 


P, 
KL =| Pay = (11-2) 
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However, /,, J,, and J, must be determined by the 
trapezoidal evaluation above. Simpson’s rule is the 
equivalent of joining /,, and J, with a 4ratic 
parabola. The pressure P, is calculated by 


2AP 


where 
PLN 


Although this application of Simpson’s rule is not ab- 
solutely rigorous, experience has shown that a two-step 
calculation with the application of Simpson’s rule gives 
the accuracy of a four-step trapezoidal calculation. 


APPENDIX III 


EVALUATION OF THE TERM, F* = — 


IN THE GENERAL FLOW EQUATION 


2.6665 


Evaluation of the term F’ = depends only 


upon the substitution of the appropriate values for the co- 
efficient of friction f and the diameter d. Since the 
diameter is known for any particular case, the coeffi- 
cient of friction f remains to be determined for the 
particular case. The value of the coefficient of friction 
f may be obtained from various correlations; how- 
ever, for the purpose of this report the coefficient of 
friction f as determined from the “completely rough 
flow” portion of Moody’s® curves has been adopted. 
Moody’s curves were calculated by means of the Cole- 
brook® equation and the “completely rough flow” por- 
tion are equivalent to the Nikuradse’ rough flow equa- 
tion. These values for various sizes of pipe are shown. 


VALUES FOR VARIOUS SIZES OF PIPE 


Roughness 

ID, in. Relative? Moody f fo 
0.6 0.001 0.0196 0.004900 
0.75 0.0008 0.0187 0.004675 
1.00 0.0006 0.0175 0.004375 
1.50 0.0004 0.0159 0.003975 
3.00 0.0002 0.0137 0.003425 
6.00 0.0001 0.0120 0.003000 
12.00 0.00005 0.0106 0.002650 
60.00 0.00001 0.0082 0.002050 


1. Based on an absolute roughness of 0.0006 in. 

2. The numerical value of the coefficient of friction f as used in this re- 
port is equal to one fourth of the numerical value of the term f as used 
by Moody. 


A log-log plot of the coefficient of friction f vs the 
corresponding internal diameter d for the values shown 
above indicate a straight line relationship for pipe 
diameters less than 4.277 in. and a different straight 
line relationship for pipe diameters greater than 4.277 
in. These straight lines may be expressed by the form 
f = ad’, where a and b are constants. 


Application of the method of least squares to the 
above data results in the following expressions for the 
coefficient of friction f. 


10° 


= 
f d 0, 224 ( ) 
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for internal diameters less than 4.277 in., and 


4.007 x 10° 


Ii-2 
f d 0.164 ( ) 


for internal diameters more than 4.277 in. 
For convenience, it is desirable to introduce a new 
term F,, where 


Substitution of the right hand term of Eq. 1 and 
Eq. 2 for f in Eq. 3 results in 


(111-4) 
d 2.612 
for internal diameters less than 4.277 in., and 
(III-5 ) 


for internal diameters more than 4.277 in. 


A table of values of F, for various sizes of pipe is 
given in Appendix IV. These values in Appendix are 
equivalent to a weighted average absolute roughness 
of 0.0006 in. as calculated by the Nikuradse’ rough- 
pipe equation. 


APPENDIX IV 


In using the F, values to calculate back-pressure 
tests for gas wells, the authors have noted a few exam- 
ples where flooding bottom-hole pressure were calcu- 
lated to be more than the shut-in pressure. This was 
caused probably by the extremely smooth condition of 
the tubing or a combination of physical conditions 
which caused the tubing to act as a completely smooth 
pipe with a resultant low pressure drop due to fric- 
tion. A rough pipe can have the characteristics of a 
“smooth pipe” under certain flow conditions..° In 
these rare instances where there is evidence that the 
tubing is smoother than normal, the use of the following 
F, (absolute roughness = 0.0001 in.) is suggested in 
place of the F, values (absolute roughness = 0.0006 in.) 


VALUES OF Fr FOR VARIOUS TUBING SIZES 
(Use only for internal diameters less than 4.277 in.) 


(0.10797) 
Note: Fr = 
on OD, In. ee ID, In. Fr 

1 1.315 1.80 1.049 0.095288 
1% 1.660 2.40 1.380 0.046552 
1Y%, 1.990 2.75 1.610 0.031122 
2 2.375 4.70 1.995 0.017777 
21% 2.875 6.50 2.441 0.010495 
3 3.500 9.30 2.992 0.006167 
4.000 11.00 3.476 0.004169 
4 4,500 12.70 3.958 0.002970 
AY, 4.750 16.25 4.082 0.002740 

4.750 18.00 4.000 0.002889 
4% 5.000 18.00 4.276 0.002427 

5.000 21.00 4.154 0.002617 
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VALUES OF Fs FOR VARIOUS TUBING SIZES 


ABSOLUTE ROUGHNESS = 0.0001 IN. 
(Not recommended for general use) 
Nominal OD, Lb per ID, Pa 
Size, In. In. In. 
1 1.375 1.80 1.049 0.078944 
14 1.660 2.40 1.380 0.038765 
li 1.990 2715 1.610 0.025997 
2 2.375 4.70 1.995 0.014919 
2 2.875 6.50 2.441 0.0088500 
3.500 9.30 2.992 0.0052273 
VALUES OF Fr FOR VARIOUS CASING SIZES 
(Use only for internal diameters more than 4.227 in.) 
Note: Fr = ee 
inal Lb per 
43/, 5.000 13.00 4,494 0.0021345 
5.000 15.00 4.408 0.0022437 
5 3/16 5.500 14.00 5.012 0.0016105 
5.500 15.00 4.976 0.0016408 
5.500 17.00 4.892 0.0017145 
5.500 20.00 4.778 0.0018221 
5.500 23.00 4.670 0.0019329 
5.500 25.00 4.580 0.0020325 
55/3 6.000 15.00 5.524 0.0012528 
6.000 17.00 5.450 0.0012972 
6.000 20.00 5.352 0.0013595 
6.000 23.00 5.240 0.0014358 
6.000 26.00 5.140 0.0015090 
6/4 6.625 20.00 6.049 0.00099103 
6.625 22.00 5.989 0.0010169 
6.625 24.00 5.921 0.0010473 
6.625 26.00 5.855 0.001.0781 
6.625 28.00 5.791 0.0011091 
6.625 31.80 5.675 0.0011686 
6.625 34.00 5.595 0.0012122 
VALUES OF Fy FOR VARIOUS CASING SIZES 
OD, In. 1D, In. Fr 
65, 7.000 20.00 6.456 0.00083766 
7.000 22.00 6.398 0.00085741 
7.000 24.00 6.336 0.00087924 
7.000 26.00 6.276 0.00090111 
7.000 28.00 6.214 0.00092451 
7.000 30.00 6.154 0.00094795 
7.000 40.00 5.836 0.0010871 
74 7.625 26.40 6.969 0.00068759 
7.625 29.70 6.875 0.00071213 
7.625 33.70 6.765 0.00074241 
7.625 38.70 6.625 0.00078360 
7.625 45.00 6.445 0.00084136 
8.000 26.00 7.386 0.00059178 
754s 8.125 28.00 7.485 0.00057179 
8.125 32.00 7.385 0.00059199 
8.125 35.50 7.285 0.00061320 
8.125 39.50 7.185 0.00063548 
8%, 8.625 17.50 8.249 0.00044488 
8.625 20.00 8.191 0.00045306 
8.625 24.00 8.097 0.00046677 
8.625 28.00 8.003 0.00048106 
8.625 32.00 7.907 0.00049623 
8.625 36.00 7.825 0.00050982 
8.625 38.00 0.00051833 
8.625 43.00 7.651 0.00054030 
9.000 34.00 8.290 8.00043922 
9.000 38.00 8.196 0.00045235 
9.000 40.00 8.150 0.00045897 
9.000 45.00 8.032 0.00047658 
9 9.625 36.00 8.921 0.00036342 
9.625 40.00 8.835 0.00037264 
9.625 43.50 8.755 0.00038149 
9.625 47.00 8.681 0.00038995 
9.625 53.50 8.535 0.00040741 
9.625 58.00 8.435 0.00042000 
95% 10.000 33.00 9.384 0.00041675 
10.000 55.50 8.908 0.00036481 
10.000 61.20 8.790 0.00037759 
10 10.750 32.75 10.192 0.00025767 
10.750 35.75 10.136 0.00026136 
10.750 40.00 10.050 0.00026718 
10.750 45.50 9.950 0.00027417 
10.750 48.00 9.902 0.00027761 
10.750 54.00 9.784 0.00028634 
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CALCULATION SHEET FOR STATIC COLUMN PRESSURES 


Company Lease. Well No Date 
G 0.663, % CO2 0, 0, Cr. Press. 670, Cr. Temp. 379 
H Pr Pr T ih TZ 0.037 
0 4416 6.59 569 1.50 897 510.39 11558 
baer ae 7.52 622 1.64 -981 610.18 -12107 624 .23665 147.670 147.670 147.732 
8.42 675 1.78 1.050 708.75 - 12569 599 -24676 147.809 295.479 295.44] 
2AP 
295.441 = 3 [.11558 +4(.12107) + .12569] ; 2AP = 1222 ; Pt = 5638 psia ; Pr? = 31,787 
Numerical evaluation of Eq. 13 by two equal intervals of H and Simpson’s rule. 
CALCULATION SHEET FOR INCLINED FLOW EQUATION 
Company Lease. Well No Date. 
G 0.663, % Coz 0, % No 0, Q 15.67 M2cfd, Cr. Press. 670, Cr. Temp. 379, Flow String ID 2.441, Fr 0.010495 
A B is In M N 
P/TZ)? A 5 
0 3460 5.16 580 1253 .827 4184 7.2138 052039 027047 079086 91.215 _ 0 
5942 4272 6.38 628 1.66 -925 4618 7.3535 -054074 .027047 .081121 90.649 812 181,864 147674 147674 147773 
11883 5089 7.60 675 1.78 1.011 5034 7.4578 .055619 027047 082666 90.216 817 180.865 147767 295441 295441 
2AP 
295441 = 3 L91.215 + 4(90.649) + 90.216] ; 2AP = 1629 ; Ps = 5089 psia ; Ps2 = 25898 


Numerical evaluation of Eq. 16 by two equal intervals of H and Simpson's rule. (In this case there is no difference between the trapezoidal evaluation 
and Simpson's rule. Pressure from the application of Simpson's rule are considered more nearly correct.) 


CALCULATION SHEET FOR HORIZONTAL FLOW EQUATION 


Company Line Description Date. 
G 0.606, % COz 0, % Nz 0, Q 45.471 M*@cfd, Cr. Press. 671, Cr. Temp. 360, Line 1.D. 10.192, Fr 0.00025767 
! M N 
P. Py if T MxN S(MxN 37.5 GL 
220 658.8 0.98 548 1.52 0.907 497.036 1.32546 Oe 0 0 0 0 
44980 603.3 0.90 548 1.52 915 501.420 1.20318 55.5 2.52864 140.340 140.340 140.320 
89961 541.6 0.81 548 iey 923 505.804 1.07077 61.7 2.27395 140.303 280.643 280.643 
2AP 
280.643 = 4 (1.32546 + 4x 1.20318 + 1.07077) ; 2AP = 116.8 ; Ps = 542.0 psia. 
Numerical evaluation of Eq. 10 by two equal intervals of L and Simpson’s rule. 
MULTI-POINT BACK-PRESSURE TEST SHEET 
Company Lease Well No. 
Field Office Address Date ee 
RRC. District. Field Reservoir County 
Sec. Bik Sur Location— 
Casing Size Wt e 1.D Set at. Perf 
Tubing Size 212, Wt. 6.50, ID. 2,441 Set at. Perf 
Producing Section From to. H 11,883 Bottomhole Temp. 215 @ 11,883 
Elevation__________Date of Completion Producing Through TBG. Yes Casing = 
Fr 0.010495 Barometer 15 psi. : 
Remarks 
Flow Data Tubing Data Casing Data 
Prover Choke = Duration 
Line * Orifice Press Diff. Temp. Press. Temp. Press. Temp. of Flow 
No. Size Size psig hw alk psig SR: psig ke Hr. 
4401 109 S| 
L: 4278 108 
4119 113 
3. 3887 119 
4. 3445 120 
Flow Temp. Gravity Compress. Rate of Flow 
Coefficient Press. Factor Factor Factor Q-M2cf/D 
No. (24-Hour) V hw Pm psia Fr Fy Fpv @ 14.65 psia 
1. 4.056 
2. 7.406 
11.248 
4. 15.670 
Gas Liquid Hydrocarbon Ratio 67 Mcf/bbI. 
is Gravity of Liquid Hydrocarbons 48.8 deg. 
Dia Specific Gravity Separator Gas 0.620. 
Be Specific Gravity Flowing Fluid 0.663. 
4. Criitcal Pressure 670 psia. 
5. Critical Temperature 379 °R. 
Po 4,416, psia Pc? 19,501 Pr 5,638, Pr? 31,787 
p2 p2 — p?2 i pe p? — 
No. Pw (psia) Fr (Fr2)* Ps 
1 4293 18,430 1071 .04257 .001812 5531 30,592 1195 
2 4134 17,090 2411 .07773 .006042 5423 29,409 2378 
3 3902 15,226 4275 .11805 .013936 5313 28,228 3559 
4. 3460 11,972 7529 16446 .027047 5089 25,898 5889 
5 


Potential 65,000 Mcf/D 
n 0.86 
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WETTABILITY VERSUS DISPLACEMENT in WATER FLOODING in 
UNCONSOLIDATED SAND COLUMNS 
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MEMBER AIME 


CITIES SERVICE RESEARCH 
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(Published as T.P. 4179, Page 227) 


DISCUSSION 
R. O. LEACH 
T. M. GEFFEN STANOLIND OIL & GAS CO. 


V. J. BERRY 
MEMBERS AIME 


The authors of T.P. 4179 have conducted a large 
number of experimental water floods, and the data are 
reported in a very clear manner. These data show sig- 
nificant variations of residual oil saturation with changes 
in wettability, interfacial tension, flooding rate, and oil- 
water viscosity ratio. Furthermore, some of the data ob- 
tained cover a range of variables not previously re- 
ported in the literature. 


It is our opinion that at least some of the observed 
variation in oil recovery can be obtained only in floods 
made under conditions identical with those used by the 
authors. There are other systems which may be said 
to have the same wettability, but which exhibit an en- 
tirely different qualitative dependence of oil recovery on 
the experimental variables. In this regard, we would like 
to direct attention to several items which we feel are 
not given sufficient consideration in the paper. 


The first of these items has to do with wetting 
equilibrium. A survey of the current literature will re- 
veal that little is known, and even less is understood, 
about wetting equilibrium. This is particularly true of 
the relation between contact angle measurements made 
under static conditions, and the wettability existing un- 
der the dynamic conditions of floods carried out at 
relatively high rates. We feel that this is a very impor- 
tant consideration, particularly in the floods the authors 
performed under what they consider to be “water-wet” 
conditions. It is our opinion that wetting equilibrium 
did not exist in these floods, except possibly at the very 
lowest rates. 


This opinion is in part based on some flooding tests 
we have made which are very similar to some of those 
described by the authors. These floods were made in 
unconsolidated cores, 6 in. long and 1% in. in diameter, 
made up of carefully graded glass spheres of the ap- 
proximate size of the sand grains used in the subject 
paper. The cores were mounted vertically, and distilled 
water was used to displace a refined oil equivalent to 
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the authors’ Soltrol C. The glass spheres had previously 
been carefully cleaned so that they were strongly wet 
by the water. The floods were made with and without 
an interstitial water saturation. 


When interstitial water was present, the solid surfaces 
were mostly covered with water prior to injecting the 
flooding phase. Consequently, a condition very near wet- 
ting equilibrium existed throughout the flood. The data 
in Fig. A show that under these eircumstances, rate had 
no influence on residual oil at flood-out, over the range 
of rates studied. 

On the other hand, in the absence of interstitial 
water, the surfaces are all covered with oil before the 
displacement. To achieve wetting equilibrium the in- 
jected water must displace the oil from the surfaces 
themselves. This is not a fast process. Therefore, the 
effective dynamic wetting condition in floods of this 
type must depend upon the flooding rate. When the 
flood rate is very low, compared to the rate at which 
wetting equilibrium is attained, the residual oil satura- 
tion at flood-out is essentially the same as the residual 
obtained when interstitial water is present. This is shown 
in Fig. A, and occurs because the dynamic wetting con- 
ditions are the same in both cases. However, at mod- 
erately high flooding rates, the rate has an important 
bearing on the amount of oil recovered because in this 
case the attainment of surface equilibrium is the slow 
step. 

We believe that, in the absence of an interstitial water 
saturation, oil recovery varies with rate because of the 
reasonably slow approach to wetting equilibrium which 
occurs during the displacement. In fact, as the rate is 
increased, the oil recovery performance indicates the 
core is becoming progressively less water-wet. At the 
highest rate there is even considerable simultaneous 
production of oil and water after breakthrough. This 
does not occur at the lower flooding rates, nor is 
there appreciable simultaneous oil and water produc- 
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(PERCENT PORE VOLUME) 


RESIDUAL OIL SATURATION AT FLOOD-OUT 


50 


10 
FLOODING RATE (FEET PER DAY) 


LEGEND 


@ CORES WITH INTERSTITIAL WATER 
© CORES WITHOUT INTERSTITIAL WATER 


Fic. A—DEPENDENCE OF RECOVERY ON FLOODING 
RATE IN “WATER WET” UNCONSOLIDATED CORES. 


tion in the floods with interstitial water. We have also 


obtained equivalent data in cores packed with silica~ 


sand. 

It is of interest that the authors’ data of Fig. 7 show 
substantially the same influence of rate on the untreated 
or lightly treated systems as is shown by the data in 
Fig. A. = 

In view of this discussion, we believe that the lack of 
wetting equilibrium which may have occurred in any or 
all of the reported experiments, clouds the significance 
of the wettability variable in oil recovery. 

One other point regarding control over the experi- 
_mental conditions is also raised. This concerns the 
floods with water containing surface-active chemicals 
to lower the interfacial tension. In a flood of this sort, 
the flood front may become depleted of surfactant due 
to partial transfer into the oil phase or absorption onto 
the-sand grains. The only way this can be avoided is 
to bring the entire system to equilibrium prior to the 
flood. The authors do not state that they took this 
precaution. Therefore it must be presumed that the 
interfacial tensions during the floods were variable, and 
were higher than those initially measured. This point 
could have been settled by tests on the effluent liquids. 

Some discussion should also be made about the type 
of interpretation justified for the usual laboratory floods. 
All workers recognize that the usual flooding results 
are not directly applicable to field recoveries because the 


laboratory conditions, for reasons of practicality, cannot — 


- precisely match the field conditions. Theretore, many 


attempts are made to “scale” the laboratory experiments 
in order to obtain directly applicable data. Thus, >>no- 
port and Leas’ have derived a scaling coefficient ic 
correlate the results of floods all made at the same de- 
gree of extreme oil-wetness but with variable rates, 
lengths, and viscosities. 


Various authors have attempted to extend this co- 
efficient (or one obtained by mixing up the variables) 
to other conditions, often without theoretical justifica- 
tion. For example, the present authors attempt to apply 
the concept of a “stabilized” flood to their floods in 
untreated (“water-wet”) sand. However, any correlation 
of this type must be doomed to failure because of the 
lack of control over the dynamic wetting conditions in 
the core. This may not be an important consideration 
when the displaced phase very strongely wets the sand, 
but under other wetting conditions it is quite important. 
The point we would like to make is that it is not per- 
missible to vary the rate for the purposes of scaling, 
without taking into account the effect this rate change 
has on the dynamic wetting characteristics of the flood. 
If the rate is varied without regard to its effect on wet- 
ting, then the experimental data obtained do not apply 
to the originally specified wetting conditions. 

There does not appear to be at this time a simple 
solution to the “scaling problem” which will apply to 
all wettability conditions likely to be encountered in 
actual practice. Nevertheless, regardless of the range 
of variables investigated, the data obtained in any series 
of carefully controlled experiments are of considerable 
permanent value if they lead to a better understanding 
of the way in which oil is displaced by water. On a 
microscopic basis, this mechanism has not yet been en- 
tirely defined. 

The data of this paper apparently are not intended 
for use in predicting waterflood recovery under reservoir 
flow conditions. Therefore, we feel that the value of the 
paper would be greatly increased if the authors could 
draw from the data some conclusions about the mec- 
hanism of oil displacement under various wetting con- 
ditions. 


1Rapoport, L. A., and Leas, W. J.: “Properties of Linear Water- 
floods,” Trans. AIME, (1953) 198, 139. 
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Wetting equilibria are undoubtedly important in tests 
such as are described in our paper and, as the authors 
of the discussion point out, little is known about them. 
That we are aware of this factor is clearly shown by 
inclusion of Table 3 in the paper where changes in 
contact angle with time are shown to be greatest for 
water-wet systems. 

We have performed numerous water floods in col- 
umns containing interstitial water saturation and have 
observed final residual oil saturations of around 16 to 
17 per cent, which is within the same range of values 
shown by the authors of the discussion in their Fig. A. 
However, if rate has no effect on oil recovery at very 
low rates in the absence of interstitial water, then the 
lower curve of Fig. A should show a sharp discontin- 
uity in its curvature at all rates below 0.1 ft/day; or, in 
other words, this lower curve (Fig. A) would become 
horizontal at all rates below 0.1 ft/day and the residual 
oil at flood-out would remain constant at 15 per cent 
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pore volume. It does not seem reasonable to us to assume 
that this discontinuity would exist. Rather, it is more 
reasonable to assume that this lower curve can be ex- 
trapolated in a smooth continuous curvature at rates 
below 0.1 ft/day and indicate at the same time a higher 
residual oil saturation at these lower rates. Further sub- 
stantiation of our opinion in this matter is given by 
Fig. 4 of our paper. The following table shows the 
flood-out residual oil for water-wet systems containing 
no interstitial water vs rate: 


Oil Residual 
Rate at Flood-Out 
2.4 23 


18 
5 
8 


The above data show a flood-out oil residual of 23 
per cent pore space at 2.4 ft/day, which is already 
above the residual of 16 to 17 per cent which we found 
for water-wet systems containing interstitial water. The 
curves of rate vs residual oil saturation at flood-out 
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20 
° 
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cross at some rate, but these curves do not merge. The 
fact that the authors of the discussion found this cross- 
ing point for their systems to occur at a rate of 0.1 
ft/day is fortuitous, and holds true only for their sys- 
tem and only for that rate. 

We feel that it is obvious that for water-wet systems 
in the absence of interstitial water, wetting equilibrium 
at high rates of flooding may not be achieved or even 
approached and the systems would act as oil-wet, under 
which conditions we obtain a flood-out oil residual (for 
our systems) of no less than 20 per cent as shown in 
Fig. 6. This value is again higher than the 16 to 17 
per cent which we found for our columns in the pres- 
ence of interstitial water. The authors of the discussion 
point out that the oil recovery performance (lower 
curve of Fig. A) indicates that their core is becoming 
progressively less water-wet and hence progressively 
more oil-wet. Extrapolation of this curve may then be 
expected to produce another cross-over point at some 
very high rate. 

In a nutshell, what we are saying is that the lower 
curve of Fig. A would be expected to cross the upper 
curve at two different rates and it would be surprising 
to see a complete merge of these two curves at the 
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cross-over points. It is our opinion that other factors 
than simply wetting equilibrium affect the residual oil 
saturation. 

During the course of our experiments periodic analy- 
sis was made of the absorption of the surface active 
agents on the sand grains and of partial transfer into 
the oil phase. The interfacial tensions were variable 
only at the front as determined by tests on the effluent 
liquids. For our systems it was found that the sur- 
factant front lagged the driving front by approximately 
5 per cent of a pore volume of injected fluid previous 
to breakthrough. 

The authors of the discussion are correct in their as- 
sumption that our data are not intended for use in 
predicting waterflood recovery under reservoir flood 
conditions. The study was made in an attempt to re- 
late, to some degree, the relationships between differ- 
ent variables which might affect oil recovery. We have 
made an attempt at analyzing the mechanism of oil dis- 
placement under different wetting conditions in our 
paper in the paragraph beginning with “The rate of 
water injection as an appreciable effect . . . to create 
a flow pattern or system of channels equivalent to the 
high interfacial tension floods.” tokk 
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The authors are to be commended for their useful 
correlations of conductance ratios for five-spot pattern 
floods with cumulative injected fluid volume. Informa- 
tion of this sort over a range of mobility ratios has 
long been needed to permit estimation of injection his- 
tories in field pattern floods. For this purpose the poten- 
tiometric-type model has been put to good use. How- 
ever, the authors have pointed out that there is ap- 
parently a fundamental difference between electrical 
models” (electrolytic and potentiometric) and fluid 
flow models**. This difference is manifested as a dis- 
crepancy between the areal sweep efficiencies observed 
in the two types of models at mobility ratios other than 


one. This discussion is presented as a step towards re- _ 


solving the difference. 

The passage of a flood front between two wells is an 
unsteady-state process. In a fluid flow model, this un- 
steady-state process is duplicated exactly; in a poten- 
tiometric or electrolytic model it is approximated by a 
series of steps. During each finite step in a poten- 
tiometric or electrolytic model the front is actually ad- 
vanced at a mobility ratio of one regardless of the mo- 
bility ratio which the test is designed to simulate. In- 
tuitively it is anticipated that with such models, designed 
for mobility ratios other than one, the effective mobility 
ratio which is between unity and the designated mobility 
ratio should depend upon the size of the steps taken. 
Further, for a given size step, the discrepancy between 
the effective and designed mobility ratios should be 
expected to increase as the designed ratio is moved fur- 
ther from unity in either direction. In the limit, as the 
steps are reduced to become infinitesimally small, the 
effective mobility ratio will converge to the designed 
value and the areal sweep efficiency observed from an 
electrical model should agree with that obtained from 
a fluid model for any given mobility ratio. Unfortunately 
it is not possible to determine analytically the minimum 
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numbers of steps to be taken in order to hold the er- 
ror between effective and designed mobility ratios to a 
tolerable limit. 

There is an indication in the authors’ data that the 
above reasoning may have a bearing on their results. 
At an infinite mobility ratio they observed an areal 
sweep efficiency of 62.5 per cent when eight incremental 
steps were taken using the potentiometric model; when 
the number of incremental steps was increased to 14 
using the electrolytic model, the observed efficiency 
was reduced to 60 per cent. 

Five-spot sweep efficiency tests at an infinite mobility 
ratio were made at the Stanolind Research Center using 
electrolytic blotter models similar to those used by the 
authors. For a total of seven tests taking an average of 
21 steps (range: 14 to 27) the average observed areal 
sweep efficiency was 56.5 per cent (range: 49 to 62 per 
cent). There was considerable scatter in the data and 
they showed no trend between sweep efficiency and 
number of steps taken. However, together with the au- 
thors’ data, they do suggest that possibly the number 
of steps required to simulate an infinite mobility ratio 
may be greater than it is experimentally feasible to 
use. It was exceedingly tedious to use more than 14 
steps with the blotter model and reproducibility was 
poor. 

The areal sweep efficiency data obtained using po- 
tentiometric (electrical) models as shown in this paper 
are higher for mobility ratios above unity and lower for 
mobility ratios less than unity compared to those ob- 
tained with fluid flow models. This observation qualita- 
tively supports the contention that the effective mobility 
ratios in the potentiometric model tests are between 
unity and the mobility ratios for which these tests were 
designed. This difference is due to the nature of the 
step-wise procedure necessary in the electrical model 
tests. Since the fluid flow model tests duplicate the un- 
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steady-state process in a pattern flood, it is probable 
that the results of these tests yield areal sweep effi- 
ciency data which are more applicable to field pattern 
floods for all mobility ratios. 
REFERENCES 
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Laboratory investigations have 
been made to study the effect of va- 
riations in fluid characteristics, gas 
saturation, water saturation, and 


water injection rate on oil recovery 


by water flooding. Three synthetic 
gas-saturated crude oils having bub- 
ble points of 860, 1,540 and 1,885 
psi were used as reservoir fluids. Re- 
peated tests were made in which a 
sand pack, saturated with water and 
synthetic oil, was produced by solu- 
tion gas drive followed by water 
flooding at various pressure levels. 
Oil recovery by solution gas drive 
and subsequent water injection is 
shown to vary with the pressure and 
rate at which the water flood is con- 
ducted. The pressure at which opti- 
mum flooding conditions exist is 
shown to be a function of the physi- 
cal characteristics of the reservoir 
fluid. For the systems studied, in- 
creases in oil recoveries of near 10 
per cent were obtained by flooding 
at the most desirable conditions. Va- 


*D. M. Bass is now with the A&M College 
of Texas, Petroleum Engineering Dept. 

Original manuscript received in Petroleum 
Branch office on July 18, 1955. Revised man- 
uscript received Dec. 15, 1955. Paper present- 
ed at Petroleum Branch Fall Meeting in New 
Orleans, Oct. 2-5, 1955. 
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riations in initial water saturations 
gave results similar to those in the 
literature. 


LON 


Most of the waterflooding studies 
investigating means of improving 
present exploitation processes have 
been conducted at low pressures with 
little effort to simulate reservoir con- 
ditions. Holmgren and Morse’ per- 
formed a waterflooding study at 300 
to 500 psi wherein the gas saturation 
was created by injecting gas, letting 
dissolved gas evolve from the oil, 
and then flushing the core with “live” 
oil until the desired gas saturation 
was obtained. Their results show in- 
creasing oil recoveries with increas- 
ing gas saturations. Data presented 
by Guerrero’ and Kennedy, et al’, 
indicate that in some instances water 
flooding at approximately 500 psi 
below the original bubble point re- 
sults in a lower residual oil satura- 
tion than is obtained when water 
flooding above the bubble point. In 
their work gas saturations were 
created by primary depletion. By cor- 
recting low pressure flooding data 
for fluid shrinkage, Dyes* found that 


1References given at end of paper. 


a maximum oil recovery may be ob- 
tained by flooding with initial gas 
saturations of from 7 to 12 per cent. 

The purpose of this work was to 
determine the variations in oil recov- 
ery caused by initiating a waterflood- 
ing program at various stages of pri- 
mary depletion of a core. This is a 
part of a more comprehensive study 
of obtaining criteria for determining 
when to initiate a pressure mainte- 
nance program and what fluids to in- 
ject. 


A schematic diagram of the appa- 
ratus is shown in Fig. 1. Fluid trans- 
fer was accomplished with metering 
pumps. Pressure control was ob- 


= 


FLOW DIAGRAM 
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tained by use of a Grove back-pres- 
sure regulator and a needle valve 
located at the outlet end of the core. 
Pressure differentials across the core 
were measured with a Republic dif- 
ferential pressure cell. The efflux 
from the core was discharged at 
atmospheric pressure into a Lucite 
separator. The oil and water were 
collected and measured in graduated 
cylinders, and the gas was measured 
with a wet-test meter. The tempera- 
ture of the core and the reservoir oil 
storage cell was controlled by a 
Leeds and Northrup electromax and 
thermohm. Ruska PVT equipment 
was used to obtain the physical char- 
acterictics of the fluids. 


The porous medium was an un- 
consolidated sand pack, 23 in. long 
and 1% in. in diameter. A screen 
analysis of the sand and a capillary 
pressure curve of a similar pack are 
shown in Fig. 2. The core had a per- 
meability to distilled water of 3,820 
md, a porosity of 32.9 per cent, and 
a total void space of 282.2 cc. 


The physical characteristics of the 
synthetic reservoir fluids used in the 
study are shown in Figs. 3, 4, 5 and 
6. Fluids A and B were kerosene- 
natural gas mixture with original sat- 
uration pressures of 860 psi in 110° F 
and 1,540 psi at 130° F, respec- 
tively. Fluid C was a refined oil- 
natural gas mixture with an original 
saturation pressure of 1,885 psi at 
110° F. Distilled water was used for 
both connate and flood water. 


PROC ED E 


The water saturated core was 
flooded with live oil at pressures in 
excess of the bubble point until the 
water-oil ratio was zero. The fluid in 
the core was produced by stepwise 
reducing the outlet pressure, obtain- 
ing equilibrium at each 100 psi incre- 
ment, until the desired flooding pres- 
sure was obtained. Water injection 
commenced at this pressure, and the 
rate of injection and pressure of the 
flood were maintained constant until 
a water-oil ratio in excess of 100:1 
was observed. A water injection rate 
of 87 cc/hr was used in flooding runs 
involving Fluids A and B while rates 
of 20 cc/hr and 87 cc/hr were used 
with Fluid C. On completion of a 
flooding test, the core was cleaned 
by flushing with petroleum ether at 
2,000 psi and dried by evacuation. 


A more detailed description of the 
equipment and procedure has been 
presented by Bass.’ 

DISCUSSION OF RESULTS 


The data shown in Fig. 7, 8 and 9 
indicate that there exists a reservoir 
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pressure at which waterflooding op- 
erations should be conducted for ob- 
taining maximum oil recovery.* The 


*Oil recovery as used here refers to recov- 
ery expressed as a percentage of the pore 
space, 
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exact value of pressure of initiation 
differed for the three synthetic oil 
samples, but in all cases it was below 
the original bubble point pressure. 
Referring to Figs. 7, 8 and 9 and 
Table 1, it is observed that water 
flooding Fluids A, B and C at a rate 
of 87 cc/hr yielded maximum oil 
recoveries of 44, 37.1 and 42.0 per 
cent, respectively. 

Figs. 7, 8, 10 and 11 indicate the 
effect of connate water saturation on 
oil recovery to be the same as has 
been published many times previous- 
ly; i.e., the greater the connate water 
the lower the oil recovery. 

As fluids A, B and C were all 
different in physical characteristics, 


the final oil saturation is shown as 


a function of gas saturation at the 
time water injection was initiated, 
Figs. 10, 11 and 12. It is noted from 
these figures that minimums in final 
oil saturation occur at 4 to 6 per 
cent initial gas saturations for an in- 
jection rate of 87 cc/hr. In the case 
of Fluid C with an injection rate of 
20 cc/hr the minimum final oil sat- 
uration occurs at an initial gas sat- 
uration of 12 per cent. The fact that 
all three fluids yield maximum recov- 
eries (minimum residuals) at ap- 
proximately the same initial satura- 
tion conditions indicates that recov- 
ery is dependent upon relative per- 
meability. Relative permeability has 
been shown many times to be a func- 
tion of saturation history or fluid 
distribution; consequently, a portion 
of the results are probably due to the 
changes brought about in the. fluid 
distribution by oil production and 
fluid shrinkage. 
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TABLE 1 — COMPARISON OF OIL RECOVERY FOR FLUIDS A, B AND C, CORE NO. 6 
Sw = 35 per cent 


Oil Recovery as Per Cent 


Oil in Place 
Water Flooding 
. Bubble Injection Maximum At Maximum Peak or Pressure Gas Sat. 
Fluid Point Rate Flooding Flooding Maximum at Peak at Peak 
Sample psi ce/hr Pressure Pressure Recoveries Recovery Recov. 
A 860 87 1,000 68.0 77 500 5.5 
B 1,540 87 2,000 63.6 68.0 1,250 é 
71.0 100 24.5 
Cc 1,885 87 1,950 _64,.2* 67.0 1,600 5 
1,950 58.5 64.0 900 12 


20 
*Flooding Rate of 180 cc/hr 


The effect of rate of injection on 
oil recovery was investigated using 
Fluid C. The results are shown in 
Figs. 9 and 12. The maximum oil 
recoveries obtainable at either of two 
flooding rates were equal within ex- 
perimental accuracy, but the opti- 
mum flooding pressures were 1,600 
psi for an injection rate of 87 cc/hr 
and. 850 psi for an injection rate of 
20 cc/hr, (frontal advance of 4.5 
ft/day). These data indicate that 
decreasing the laboratory flooding 
rate from 87 cc/hr decreases the 
optimum injection pressure. Addi- 
tional data on another system shows 
similar results. At the slower flooding 
rates the effect of capillary and gravi- 
tational forces may become more 
prominent, resulting in the change 
in optimum flooding pressure to ob- 
tain maximum oil recovery. 

A comparison of the oil recoveries 
for the different fluids is shown in 
Table_1. By water flooding at a pres- 
sure of 500 psi and a gas saturation 
of 5 per cent the recovery for Fluid 
A was increased 9 per cent over that 
obtained by water flooding at 1,000 
psi. Note that this 9 per cent is based 
on oil originally in place, which rep- 
resents a 13 per cent increase in re- 
covery. The increase in recoveries 
observed for Fluids B and C were 
approximately 3 to 7 per cent of the 
oil in place. Though this increase 
may be considered small it could rep- 
resent a vast quantity of oil when 
applied to a large reservoir or a 
number of small fields. 

Although the results presented 
herein indicate maximum recoveries 
can be obtained by flooding at cer- 
tain specified conditions, it is not to 
be inferred that these are necessarily 
the conditions at which waterflood- 


: EFFECT OF TIME OF INITIATION 
5} ON OIL RECOVERY BY WATER FLOODING. 
(CETUS OIL-NATURAL GAS MIXTURE CORE 6) 
50 
> — | 
| 
3 30 ‘ond PRIMARY 
8 
PRIMARY 
2 
2 
2 
2 
0 s00 1000 1500 2000 
RESERVOIR PRESSURE -PSIG 
Fic. 9 


VOL. 207, 1926 


ing Operations should be conducted. 
Other factors must be considered in 
selecting the reservoir operating con- 
ditions. The recovery curves shown 
here only indicate an important fac- 
tor which should be considered in 
selecting the waterflooding pressure 
for obtaining maximum oil recovery. 

The results of this study were not 
intended to be directly applicable to 
any reservoir. At best, they could 
only be applied to a very small part 
of a reservoir which had the same 


pore properties as the sand pack ~— 


used. But, the magnitude of the indi- 
cated increase in oil recovery is so 
great that a study similar to the one 
reported here should be considered 


on all waterflooding projects or pros- _ 


pects. 
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TECHNICAL NOTE 326 


The APPLICATION of ELECTRICAL TRANSIENTS to WELL LOGGING 


WALTER J. KARPLUS 


OTTO J. M. SMITH* 


S TRA CT. 


The transient response of earth formations may be 
determined by means of four electrodes mounted coli- 
nearly on a sonde. Exponentially decaying current 
pulses are applied to one pair of electrodes and the re- 
sulting voltage transient at the other pair is recorded. It 
is shown by theoretical analysis and verified by labora- 
tory experiments that this arrangement readily yields 
the direct resistivity of the formation and provides val- 
uable additional information as well. 


OIDUIC TION 


Although electrical transients have been employed 
with moderate success in geophysical prospecting, their 
application to well logging has received virtually no 
attention in technical literature. In the conventional di- 
rect resistivity logging methods only the zero frequency 
impedance of the formation under study is measured, 
and no information is obtained regarding its reactive 
characteristics. Since the use of certain transients ap- 
pears to offer some advantages in this respect, experi- 
ments were performed on a laboratory scale to investi- 
gate this possibility. This investigation was limited to 
a study of a four-electrode array where both the receiv- 
ing and transmitting electrode pairs are mounted on 
a logging sonde, and decaying exponential pulses are 
applied to the transmitting electrodes. 


Given an electrode configuration as shown in Fig. 1, 
located in a homogenous medium of resistivity p, if each 
electrode has an effective radius, r, which is small com- 
pared to the spacing, s and a, it is easy to show by inte- 
grating the volume resistivity that the input resistance, 
R,., of the transmitting electrodes is 


Original manuscript received in Petroleum Branch office on April 
28, 1955. Revised manuscript received Jan. 23, 1956. 

*Now visiting professor at Institute Tecnologico de Aeronautica, 
Sao Jose Dos Campos, Estado de Sao Paulo, Brazil. 
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If a capacitor of capacity C, charged to a voltage Em, is 
suddenly connected to these electrodes, the resulting 
current, J(t), will then be 


ES 


The voltage transient, E(t), at the receiving electrodes 
may then be found by substracting the resulting poten- 
tial at electrode Y from that appearing at electrode Z. 


1 1 
= ( (3) 


xWw 


@ a 
and by inserting Eqs. 1 and 2 
E(t) = . (4) 
Integrating Eq. 4 with respect to time 
or 
k E(t) dt 
TRANSMITTING RECEIVING 
ELECTRODES ELECTRODES 


Fic. 1— ELECTRODE ARRANGEMENT. 
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where Q is the initial charge on the capacitor, and k 
1s a constant determined by the electrode spacing. The 
resistivity of the formation is, therefore, directly propor- 
tional to the area under the oscillogram of the voltage 
at the receiving electrodes. Consequently, a transient 
log readily yields precisely the same resistivity data as 
the conventional methods. The advantage of the tran- 
sient method lies in the additional information content 
of the received transient. 


As G. White’ has shown, the impulse response, A’(t), 
of a system such as the one under consideration may 
easily be calculated from the detected exponential tran- 
sient by inserting Eq. 2 into the superposition integral, 
differentiating, and solving for A’(t), 


Em dt 


A knowledge of the transient E(t) resulting from the 
current surge expressed by Eq. 2 therefore permits the 
calculation of the impulse response by simple graphical 
or arithmetic computations. 


By means of the well known convolution or Faltung 
integral,’ this impulse response may then be employed 
to determine analytically the response f(t) of the sys- 
tem to any arbitrary excitation, g(t). 


The use of a decaying exponential transient therefore 
permits the evaluation of the complete transfer func- 
tion of the system and supplies all the information 
which could possibly be learned from a given electrode 

_configuration. 


EX PROCEDURE 


The laboratory investigation of the applicability of Eq. 
6 involved the construction of appartus to simulate 
idealized borehole conditions. To represent a two-layer 
medium, a cylindrical tank 3 ft long and 1 ft in di- 
ameter, closed at both ends, was fashioned out of Lucite. 
A blotter-type semi-permeable membrane perpendicular 
to the axis of the cylinder divided the tank into two 
equal compartments. These compartments were filled 
with salt solutions of various concentrations. A thin 
Lucite tube, passed through the ends of the tank by 
means of stuffing boxes, ran along the entire axis of the 
cylinder. Four platinum electrodes were mounted on 
the outside of this tube, while the wires leading to 
them were located on the inside. 

Alternate positive and negative decaying exponential 
surges were generated at a 60 cycles/sec rate by means 
of the circuit shown in Fig. 2. Condensers C, and C; 
were charged through diodes V, and V., and discharged 
through the triggering thyratrons V, and V,. 

A cathode ray oscilloscope synchronized with the 
pulse generator was used to detect the voltage at the 
receiving electrodes. Photographs were made of the os- 
cillograms and a planimeter used to measure the area 
under the curve. 

To verify Eg. 5 the same salt solution was used in 
both compartments of the tank. The input capacitors, 
the capacitor voltage, the salinity of the solution, and 
the electrode spacings were varied one at a time in 
small increments and the area of the received transient 
recorded and plotted. In each case the predicted rela- 


1References given at end of paper. 
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tionship was confirmed. Next, the salinity of the liquid 
in one of the compartments was changed in small in- 
crements, while that of the other compartment was 
maintained constant. For each concentration, a series 
of measurements were taken to determine the relation 
of the area under the output transient to the position 
of the electrode array relative to the interface. The en- 
tire electrode system was moved through the tank in an 
axial direction and the output waveshape recorded at 
measured intervals. 

Typical results of these measurements are shown in 
the accompanying figures. Fig. 3 represents a series of 
experimental runs in which the logging sonde is oriented 
in such a manner that the transmitting electrode pair 
transverses the interface before the receiving electrode 
pair; in Fig. 4, the receiving electrode pair enters the 
low resistivity medium ahead of the transmitting elec- 
trode. For all of the experimental runs Capacitors C, 
and C; were 1 micro farad in magnitude and the ap- 
plied voltage, E, was equal to 1.0 v. 
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CONCLUSIONS 


As shown in the above development, the use of ex- 
ponentially decaying transients provides with little dif- 
ficulty the same data furnished by the conventional di- 
rect resistivity log. In the field the integration of the re- 
ceived transient could be performed by means of an 
electronic integrator and its output recorded on the fa- 
miliar strip chart. In addition, by recording the wave 
shape of the received transient at periodic intervals and 
by approximately interpreting this signal, additional in- 
formation regarding the reactive characteristics of the 
formation under study would become available. Changes 
in dielectric constant, polarization, and mud invasion 
effects may then be related to the precise shape of the 
pulse. 
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TECHNICAL NOTE STE 


PROGRAMMING RESERVOIR PROBLEMS on the ELECTRIC ANALYZER 


MARY BARRETT 
WALTER ROSE* 


INTRODUCTION 


The conventional way to program reservoir prob- 
lems** for solution on the electric analyzer’ is one which 
concentrates the block units towards the inner radius 
of the prototype system being represented by the analog 
model. This is achieved by the device of considering 
block units of equal value radial resistance, leading to 
the consequences: (1) the ratio of the external to the 
internal radius of each block unit is a constant (i.e. 
r,/ri-. = constant a); (2) the external radius of the 
n block unit is equal to the innermost radius of the 
system times the constant a raised to the n‘" power; 
(3) the capacitance of the block units increase by a 
factor of a’ going out radially from the innermost to the 
outermost boundaries of the system; (4) given n block 
units in the radial direction, the capacitance ratio of 


the outermost to the innermost block unit is a “"”; and _ 


(5) the vertical resistance of the block units decrease 
by a factor of a’ going out radially from the innermost 
to the outermost boundaries of the system, such that 
the ratio of the maximum to minimum vertical resis- 
tance is also given by the factor a”. 


PRESENT PROGRAMMING METHOD 


While this conventional way of programming prob- 
lems is quite adequate for routine uses of the electric 
analyzer, it leads to difficulties in those cases where 
the inner radius of the prototype system (e.g., the well- 
bore) is small compared to the external radius (e.g., 
the external reservoir boundary). To handle such a 
case by the conventional method would require either 
that a large value be selected for the constant a or that 
a large number n, of radial block units be chosen. In 
consequence, the capacitance and vertical resistance ra- 
tios become impossibly large, as will be evident from 


*Walter Rose is now at the University of Illinois. 

**While for simplicity this note only considers single well, two- 
dimensional flow problems with radial symmetry, the concepts de- 
veloped will be seen to be perfectly general. 

Original manuscript received in Petroleum Branch office on June 
23, 1956. 
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the relations given above. In any event, the size of 
the smallest and largest capacitors will always be lim- 
ited by the size of commercially available components, 
and the analyzer itself will determine how many mesh 
points are available for radial block units. 

For example, it can be shown that if the maximum 
capacitance ratio which can be electrically handled is 
a factor of 10*, the maximum external radius of the 
system which can be considered (assuming an internal 
wellbore radius of 0.25 ft is: 


inh a external radius (ft) 
49 esl 26.5 
14 1.414 32 
12 1.5 32.5 
1.732 35 
7 2.0 32 
6 2.24 31 


It is thus seen that in direct consequence of having 
the inner wellbore radius small compared to the ex- 
ternal radius, models extending beyond 30 to 40 ft are 
not possible when the capacitance ratio is limited to 
10*. (NB. A value of 10° farads can perhaps be taken 
as the minimum electrical capacitance possible if cor- 
rections for the capacitance of the lead wires are to be 
avoided. Values greater than 10° farads would require 
the use of unstable and inaccurate electrolytic capaci- 
tors). On the other hand, models extending out to 500 
to 5,000 ft may be desired in single-well problems, and 
hence the need for a revised method of problem pro- 
gramming.* 


REVISED PROGRAMMING METHOD 


The revised method of programming is one which 
attempts to retain the desirable features of the conven- 
tional method (viz. concentration of block units towards 
the inner boundary, simplicity in computation, etc.) 
without having as a consequence that impossible capaci- 
tance and vertical resistance ratios will be required. 
Other advantages will also be achieved by the revised 


*It is of interest to note that the problems generally solved on 
the Carter-type electric analyzer have a large internal radius to be 
represented, and hence with even small values for » and the con- 
stant a, large external radii are thus provided for, without entail- 
ing the use of unreasonably large condensers. 


299 


method, as will be seen. In any event, it should follow 
from analytic reasoning that the revised method should 
be one which considers block units of decreasing radial 
resistance going out radially, rather than one which 
considers block units of constant radial resistance. This 
will result in the radii of the block units increasing by 
decreasing amounts (rather than by the constant factor, 
a), and hence the resulting maximum to minimum 
capacitance ratio will be sufficiently lessened so that 
it can be handled electrically with available components. 
EQUATION FOR REVISED PROGRAMMING METHOD 

The revised method of programming is derived from 
the following definition: 

where 

r. is the external radius of the i‘* block units, in feet; 

r, is the internal radius, in feet; 

A is a constant greater than unity; 

B is a constant greater than zero, but for convenience 

frequently less than 0.1 ft (see below); and 

n, is the number of block units out to the i block 

unit. 

By choosing the constant B at some small value, 
the size of the first block unit is accordingly limited. 
For example, if B = 0.01 ft, the first block unit is seen 
by Eq. 1 to have an inner radius of r;, and an outer 
radius of (r, + 0.01) ft. In other words, it is often 
found convenient in the revised method of program- 
ming to consider the first block unit as the so-called 
skin effect zone of almost zero thickness. In such a 
case, it is also found convenient to consider the fluid 
capacitance of this zone as zero. On the other hand, 
when single-well problems are not being studied, the 
constant B may be selected at some larger value to 
represent an inner zone of interest (e.g. a portion of the 
reservoir represented by an electrolytic tank connected 
in series to the electric analyzer). 

For the single-well problems of interest to the writers 
(where B is small), it follows as an approximation to 
Eq. 1 that: 

for the special case where n, >2. Using Eq. 2, it is thus 
seen that when r, is 0.25 ft, the external radius of the 
model having 10 radial block units is 2,500 ft when A 
is 4, and is 25 ft when A is 2. Most single-well prob- 
lems, therefore, require selection of values of the con- 
stant A between 2 and 4. 

Using Eq. 2, it is readily verified that: 


R wh 
vi akre 


-1 


where: 
R,,, is the fluid resistance in the radial direction of the 
Ry,, is the fluid resistance in the vertical direction of 
the unit; 
C,,, is the fluid capacitance of the i" block unit, 
wis the viscosity in centipoise 
k is the permeability (radial or vertical as the case 
might be) in darcies; 
h is the thickness in feet of a given row of mesh 
points; 
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K is the fluid compressibility (per atmosphere) ; 

f is the fractional porosity; and 

r, and n, are as previously defined (N.B., ni-. + 

PROGRAMMING STEPS 

From these relations and from the more general 
scaling definitions*, the programming of particular prob- 
lems is possible. For the study of pressure build-up 
phenomena, the following programming steps have been 
found convenient. 

1. Decide on the number of vertical block units 
(n,) to use in the model. If each row of mesh points is 
to represent an equal thickness, the factor, h, appearing 
in Eq. 3 will be given by dividing the sand thickness of 
the reservoir prototype by this number (n,). Usually, 
the number of vertical block units to employ in the 
model is fixed by the wellbore penetration (producing 
interval) aspect of the problem being solved, and not 
infrequently it will be found convenient to let differ- 
ent rows of mesh points in the model represent differ- 
ent. vertical thicknesses, to better scale the wellbore 
penetration. In such a case, the factor, h, appearing in 
Eq. 3 will be derived from a consideration of the total 
sand thickness, the number of vertical block units 
(n,), and from the selected (arbitrary) distribution 
of thickness with particular rows of mesh points**. 

2. Decide on the number of radial block units (7,) 
to use in the model in each of the rows of mesh points. 
This is done using Eq. 2 by deciding what external ra- 
dius can be taken for the system beyond which there 
will be no appreciable pressure disturbance during the 
course of the test. Thus, given the wellbore radius, 
r,; the number of block units which in terms of the 
model board size is convenient to use (7, ); and the 


total 
maximum external radius to be considered, it follows 
from Eq. 2 that: 


total 


Having thus selected an appropriate value of the con- 
stant A, the internal and external radii of the various 
block units in each row are computed from Eq. 1 
and/or 2. 

3. With reference to the first block unit, the exter- 
nal radius (this is also the internal radius of the sec- 
ond block unit) is determined by the magnitude of the 
constant B, which in turn is made as small as possible 
so that only the region of the skin effect is included in 
the annular zone concentric to the wellbore described in 
the model as the first column of mesh points. In gen- 
eral, a value of B= 0.01 ft would seem reasonable 
although greater or lesser values might be appropriate 
in certain cases.* In any case, the initial problems to 
be considered will make it convenient to have the first 
column of block units so small in volume that their 
fluid capacitance can be taken as zero without serious 
error. 

4. Having fixed the radii of the concentric radial 
block units as described in paragraphs 2, and 3, and 
having selected a proper value for the constant A, the 
fluid and electrical values for resistance (both vertical 


*ie., Ri/Rn = M, Cr/Cr = N, and tr = MNtr where: M and 
N are scaling constants; R, C and t are resistance, capacitance 
and time respectively; and where the subscripts F' and £ refer to 
the fiuid prototype and the model electrical systems, respectively. 

: Nhe convention is adopted to refer to mesh points interconnected 
in radial directions as “rows,” and those interconnected in vertical 
directions as “‘columns.” 
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and radial) and capacitance are computed for each 
mesh point in the model, using Eq. 3 and given the rock 
and fluid properties of the prototype reservoir system 
as measured in terms of permeability, porosity, viscosity, 
fluid capacitance, etc. With regard to computation of 
the magnitude of the electrical components taken to 
represent fluid resistance and capacitance, attention 
must lastly be given to the time scaling factor MN. In 
general, this latter term must have a value greater 
than 100 so that the model will give a record of pres- 
sure vs time sufficiently quicker than the time in- 
volved in the reservoir prototype fluid system. Also, as 
has been pointed out, the minimum electrical capaci- 
tance of any block unit mesh point is 10° farads. Hence, 
the capacitance scaling factor N is frozen because C,, 
and Cy are already fixed. Since R, for any mesh point 
is likewise already fixed at this stage of the program- 


ming, the only control over the magnitude of the time— 


scaling factor MN comes in the selection of the elec- 
trical values of resistance associated with particular R» 
values at given mesh points. In these connections, it 
has been found from problems programmed so far by 
the revised method that the R,’s in the revised method 


*Wor example, in certain two-phase problems, the infiltration of 
the aqueous mud filtrate might result in relative permeability skin 
effects extending an appreciable distance into the formation. 
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are usually larger than those which were called for in 
the conventional method of problem programming. This 
advantage of the new method is emphasized inasmuch 
as the resistance of the lead wires introduces error when 
the resistance components of the model are too small. 

5. As in the case of the conventional method of 
problem programming, as soon as electrical values ot 
resistance and capacitance are selected for each mesh 
point, the problem is ready to be fed into the analog 
computer by building the computer boards in the way 
indicated by the programming. It is at this point that 
provision is made for special boundary conditions 
characterizing the reservoir prototype, such as result 
from vertical and horizontal faults and permeability 
barriers. 
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ANALOG STUDY of WATER CONING 


H. |. MEYER 
D. F. SEARCY 
JUNIOR MEMBER AIME 


EN 


The analysis of our previous paper’ on the behavior 
of two immiscible fluids separated by gravity into two 
distinct saturated zones in the porous medium was 
shown to be theoretically valid only if one of the two 
fluids was immobile. The practical problems associated 
with flow of both phases have so far been impossible 
of solution by these analytic methods. We, therefore, 
decided to resort to a simulator study to answer the 
following pertinent questions: 


1. If the lighter fluid is produced from a point above 
the fluid-fluid interface, how long will it take for the 
heavier fluid to come up to the point where production 
of both fluids is taking place? 


2. After steady-state two-phase production is estab- 
lished, what is the relative production rate of each 
phase, on what physical variables does this depend, 
and what are the boundary conditions at the outflow 
face? 


3. A third question was at least partially answered 
in the course of this investigation: that of the shape 
of the interface under flow conditions. These questions 
are of fundamental importance in the fields of hydro- 
logy and the reservoir mechanics of oil and gas pro- 
duction. 

In order to simplify equipment used and still retain 
a fair physical representation of these phenomena, it 
was decided to use a Hele-Shaw type of analogy in 
which the flow took place between two vertically 
mounted pieces of plate glass. The advantage of this 
system is that it eliminates any surface effects between 
the matrix of the porous medium (e.g. packed sand) 
and also allows equilibrium conditions to be established 
more quickly. The principle disadvantage (apart from 
the obvious one of being one more step removed from 
the prototype) is that our equipment limited us to 
two dimensional flow studies. 


Original manuscript received in Petroleum Branch office on June 
9, 1955. Revised manuscript received Feb. 20, 1956. 
References given at end of paper. 


302 


UNITED GAS CORP. 
SHREVEPORT, LA. 


In spite of these limitations answers to the questions 
were obtained which seem adequate for our purposes. 
We would like to see more work of this nature done 
to verify and to improve our conclusions. 


DESCRIPTION OF EQUIPMENT 
AND PROCEDURE 


A drawing of the equipment used in this study is 
shown in Fig. 1. Fluid flow takes place between the 
two 36 in. x 12 in. pieces of plate glass held apart at the 
long edges by two spacers of cellulose acetate sheet 
(Kodapac IV) which is available in several thicknesses. 
This sandwich was clamped together by small c-clamps 
whose stress was distributed by long pieces of %-in. 
keystock. Accurate spacing was obtained by tightening 
these clamps as indicated by micrometer measure- 
ments on the outside of the glass. At the upstream 
end of the plates a piece of 6-in. diameter pipe simu- 
lated an infinite reservoir, while at the downstream end 
a 2-in. Lucite cylinder with a small hole near the top 
of the flow region served to drain the fluid. Sealing 
was achieved by O-rings, the whole system being tight- 
ened by pressure on the Lucite tube provided by set 
screws (not shown in the drawing). The total head 
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Fic. 1— APPARATUS FOR HELE-SHAW FLOW 
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acting on the system is the difference in level between 
the upstream reservoir and in a receiving flask. This 
head was kept constant by constant level devices at 
these points, and the heavier fluid is separated from 
the lighter in a gravity separator. 

Following the recommendations of Leverett,’ we 
chose as our fluids glycerine with a density of 1.254 
gm/cm’ and a viscous oil (SAE 30) with a density of 
0.882 gm/cm.’ These density and viscosity ratios are 
of the same order of magnitude as might be expected 
in a typical oil-water system. A second series of ex- 
periments was run using kerosene with a density of 
0.790 gm/cm* and glycerine, so that the viscosity 
ratio was similar to what would be encountered in a 
gas-water system. These two viscosity ratios were chosen 
to represent limiting conditions and, apart from noting 
that our results were largely independent of this ratio, 
no systematic study was made of its effect. re 

All experimental runs were started after the two 
phase system had time to reach an equilibrium condi- 
tion with an approximately horizontal interface. In 
those runs with narrow spacing we had to resort to 
heating the apparatus in order to lower the fluid 
viscosity and obtain this state; even then it took several 
hours to level out. 

Three system parameters were varied in this series 
of runs: plate spacing which corresponds to permeabil- 
ity; driving head or rate of production; and the rela- 
tive initial thickness of the two fluid zones. 

A summary of recorded data is presented in Table 
1. Since it was not convenient to keep the apparatus 
at a constant temperature, viscosity vs temperature 
calibration curves were made and the temperature of 
the-system was recorded. Unfortunately the temper- 
ature in our laboratory varies several degrees in the 
course of a day and, since we took photographs of the 
cone formation (in some cases moving pictures), there 
was heat generated by our lighting system. The viscosity 


data is therefore subject to some uncertainty. In further 
work of this type it would be advisable to have tem- — 
perature control on the system. 


ANA OF RESULEES 


RELATIVE FLOw RATES AFTER 
FORMATION OF CONE 
It becomes obvious on studying the results of these 
tests that the glycerine/oil ratio (corresponding to 
the water/oil ratio in the producing well) is a function 
not only of the relative viscosities but also of the rela- 
tive thickness of the two zones. As a first approxima- 
tion to production ratio we consider the expression. ~ 
Thickness Glycerine 
Zone 
Thickness Oil Zone 
Oil viscosity 
Glycerine viscosity 
Hg, fe bo 
This is about the-simplest function that might be ex- 
pected to give the produced (glycerine/oil) ratio. We 
therefore hope that 


Head Loss in Glycerine 
Head Loss in Oil 


Glycerine/Oil Ratio = 7. 


in which the function » (which in general will be 
a function of all the parameters of the system, head, 
cone height, etc.) is close to unity. That such an ex- 
pression might obtain is implied (certainly not. proved) 
by the flow equations in our previous paper.’ The head 
drop in the glycerine phase is given approximately by: 


Po 


TABLE 1—DATA FROM EXPERIMENTS 


(1) (2) (3) (4) 

Average 

Viscosity Initial 

(From Temp.) Glycerin 

Average Oil Glycerine Height 
Run Temp. cp) (cp) (cm) 
No. (°C) Mo — bo Ma — LG tg 
1 22.6 260 352 9.0 
3 22.8 256 347 8.7 
4 20.6 296 411 3.5 
5 21.1 286 394 2.6 
6 22.3 265 360 3.0 
7 22.4 263 357 18.0 
8 21.9 272 380 18.5 
13 28.4 180 230 7.5 
14 25,4 217 288 8.5 
15 26.1 208 273 7.5 
16 23.2 250 337 14.0 
17 25.0 223 296 13.0 
18 29.0 174 220 13.5 

19 27.0 196 255 3.95 
20 25.6 215 283 3.7 
Zi 25.5 216 285 4.7 
22 24.0 237- 318 7.7 
23 23.8 240 323 7.5 
24 26.5 203 265 7.8 
25 28.4 180 230 13.5 
26 28.1 184 235 14.0 
27 27.0 196 255 14.0 
39 26.0 1.48 260 10.7 
40 24.2 UchY/ 298 10.5 
41 25.5 1.53 270 10.3 
42 25.4 1253) 272 525 
44 25.0 1.54 280 5.5 
47 24.7 1255 276 13.8 
51 25.2 1375) 323 13.2 
52 26.0 1.72 295 13.0 
53 23.0 1.82 374 12.2 
54 24.6 328 
55 22.9 1.83 348 5,4 
56 23.2 1.81 336 5:3 
57, 22.5 1.84 351 5.1 
64 23.1 1.85 378 7.0 
65 22.8 1.86 386 9.1 
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(5) (6) (7) (8) (9) 
Measured 
Flow Rate Coning 
Head Ave. — Oil Glycerin Time 
(cm of Oil) (cm) (cm*/sec) (cm?/sec) (sec) 
Ho 2b Qo Qa if 
111.5 0.0318 Not Measured 861 
43.3 BS 0.00529 0.00135 4,046 
112.5 a .01823 .00167 2,488 
74.2 -01254 .00071 7,019 
48.7 .00854 .00037 9,982 
109.3 .00593 -01005 132 
74.1 .00487 .00537 226 
109.5 0.0188 .00444 .00107 2,358 
75.2 -00352 .00073 4,365 
45.0 .00167 -00025 12,900 
112.0 -00266 .00171 945 
75.0 " 00167 00117 1,785 
45.0 we 00088 00036 2,880 
112.0 0.0450 06823 00727 960 
75.0 3 00376 00365 1,560 
45.0 ne .02305 .00145 3,600 
112.0 .0474 .0098 525 
75.0 .0303 .0073 903 
45.0 .0230 .0041 1,603 
112.0 .0530 0283 107 
75.0 .0299 .0184 203 
45.0 .0179 .0089 307 
112.0 0.0161 396 00127 1,030 
75.0 oe 1232 000588 2,402 
45.0 000397 5,630 
118.0 Ad 000628 4,620 
45.0 .000185 24,513 
45.0 ue .149 .000583 1,952 
112.0 0.0145 .161 .000887 1,180 
75.0 .000648 1,988 
45.0 .0757 .000228 5,250 
20.0 i .0378 .0000661 25,955 
112.0 .231 .000237 8,370 
75.0 4 .167 .000160 16,050 
45.0 121 .0000468 48,300 
45.0 0.0154 .0878 .000206 6,690 
45.0 .0735 .000245 4,170 
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H, to 


in which h is the cone height and p, and p, are glycer- 
ine and oil densities respectively. 

The functions (H, to tz are tabulated in 
Table 2 and are plotted against the measured oil/glycer- 
ine ratio in Fig. 7. In spite of experimental uncer- 
tainties and approximations, the points lie sufficiently 
close to the diagonal line (7 = 1) to indicate that as 
a useful approximation we may set 7 = 1 in the pro- 
posed expression for glycerine/oil ratio. 

As an obvious prototype to our model, we may say 
that in a two dimensional water cone in porous media 
the same relation must obtain. If the same sort of 
relation holds in a radial system, then the oil/water 
ration from a two-phase reservoir would be directly 
proportional to the relative thickness of the oil zone 
to the water zone and would be inversely proportional 
to the ratio of their viscosities. The existence of this 
relationship could be investigated by field studies or 
(possibly) by radial model studies. 


CONING TIME 


The best expression that we were able to correlate 
to our observed coning times was: 
(Time for cone to form) ~ 1.1 4 p./(B A, t. (2b)* pa) 


Where: A = cone area 
ug = glycerine viscosity 
B= 


Po } 
H,, = total head loss (oil) 
t, = initial glycerine thickness 
b = half plate spacing. 
This expression was derived by assuming that the 
flow rate of the glycerine during cone formation was 
constant and equal to the constant horizontal flow 


rate with the applied head. Although it gives times 
of the right order of magnitude (with a maximum er- 


TABLE 2 —- COMPARATIVE FLOW RATES 


(10) (11) (12) (13) (14) (15) 
Ave. Initial Cal. Measured 
Cone Oil PG - po Oil/Glyc. Oil/Glyc. 
Height Thickness (5) (10)  Ratio- Ratio- 
Run (cm) (cm) — — (5) (13) (8) 
No. h to (2) (4) B.. Re Rm 
1 17.7 19.5 2.91 0.934 a2 
3 18.0 19.8 3.08 3.93 
4 25.0 9.93 913 10.9 10.9 
5 24.1 25.9 13.8 .865 16.0 17.7 
6 230 25.5 11.5 795 14.5 23.1 
7 8.70 10.5 0.793 965 0.821 0.59 
8 8.20 10.0 0.737 955 0.771 0.91 
AS) 19.2 21.0 3.58 .922 3.98) 4.15 
14 18.2 20.0 3.12 -900 3.47 4.62 
15 19.2 21.0 3.67 .820 4,48 6.69 
16 12.7 14.5 1.40 .953 1.47 155 
1WA 13.7 1555 1.58 -923 1.43 
18 13.2 15.0 1.40 .877 1.60 2.44 
19 22.7 24.5 8.09 915 8.84 9.39 
20 23.0 24.8 8.82 -895 9.85 10.3 
21 22.0 23.8 6.68 794 8.41 15.9 
22 19.0 20.8 3.63 -930 3.90 4.86 
23 19.2 21.0 Wh .892 4.23 4.17 
24 18.9 20.7 3.47 823 4.22 5.66 
25 13.2 15.0 1.42 .950 1.53 1.87 
26 W257 14.5 1.32 -930 1.42 1.63 
27 12.7 14.5 1.35 .883 1,53 2.00 
39 16.2 17.8 291 915 318 311 
40 16.4 18.0 327 872 375 393 
4] 16.6 18.2 312 784 398 390 
42 21.4 23.0 743 .893 83 780 
44 21.4 23:0) 760 720 1056 1070 
47 31 14.7 191 829 23 254 
51 13.5 1523 214 929 230 181 
52 13.7 1535 204 893 228 205 
53 14.5 16.3 275 811 339 332 
54 14.5 16.3 248 575 431 572 
55 PANES 23.1 813 889 915 975 
56 21.4 23.2 813 88 976 1044 
57 21.6 23.4 875 718 1219 2585 
64 14.7 16.5 482 809 596 426 
65 12.6 14.4 328 836 392 300 
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FIG. 2—TyPICAL RUN. 
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Fic. 3—-FLATTENING OF CONE AFTER FORMATION. 
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Fic. 5—ONE TYPE OF EXPERIMENTAL ERROR. 
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TABLE 3 — CONING TIME 


(17) (18) (19) (20) (21) 
(16) Density 
Cone of 1.113 (16) 
Area Oil 4) + (10 ’ 2 
po Cone Height (16)(3) Cone Area 
1 145.5 0.882 .663 1.41 0.79 204 
166.1 .674 1.94 233 
4 155.2 .870 1.24 218 
5 156.4 -903 1.68 219 
6 222.4 ee .888 1.29 -86 312 
7 50.0 1.25 .89 070 
54:7: .307 1.30 077 
13 140.6 719 1.72 -65 197 
14 135.9 682 2.00 .56 191 
15 199.6 719 2.04 -55 280 
16 89.6 476 1.45 RAE 126 
17 98.8 : 513 1.71 -65 139 
18 124.8 494 1.74 .64 175 
19 156.0 850 1.74 -64 219 
20 206.0 861 IE 94 289 
215.3 824 1.76 .63 302 
22 150.0 712 1.58 2270 210 
23 164.0 719 73 230 
708 1.63 -68 269 
25 99.2 494 1.21 -92 139 
26. ~96:2 476 1.56 71 
27 «136.4 476 1.05 1.06 191 
39 110.8 0.790 -602 795 1.40 «53 
40 119.2 -610 0.94 1.18 
41 154.0 0.99 .213 
42 122.0 796 1.62 69 169 
44 204.4 796 1.54 0.72 .282 
47 124.4 -487 0.59 1.89 .172 
51 135.6 -506 -62 1.80 .190 
52 123.6 Pe 513 .78 1.43 AAS) 
53 132.0 .543 79 1.41 -185 
54 204.0 -543 0.90 1.24 .286 
55 165.0 798 1.30 86 
56 172.0 : .801 1.53 73 241 
57 224.0 -809 1.64 68 314 
64 95.3 677 0.89 1.25 202 
65 84.8 581 0.83 1.34 180 


ror of 80 per cent for this data) more experimental 
work is necessary fo derive a better relationship. 


CONE AREA 

On superficial study of the photographs of developed 
cones, it appears that there is a one to one correspond- 
ence between cone height and cone area. The plani- 
metered areas were therefore plotted against cone 
height in dimensionless form as shown.on Fig. 8. It be- 
came evident that no such simple relation exists. Cone 
area is also a function of flow rate; in general, the 
higher the head the less the cone area for a given cone 
height. From our data it does not appear feasible to at- 


tempt to derive this relation, in fact at high heads the _ 
initial configuration of the cone seems to be dependent 


on capillary forces between the two phases (this effect 
was noted in runs 51 and 55). Where capillary forces 
are involved, it is notoriously hard to obtain repro- 
ducible data. If we select from Fig. 8 only those points 
corresponding to the lower heads used, a more consis- 
tent picture is presented. The points may be reason- 
- ably represented by a single curve for flows at a head 
of 45 cm (.494 cm/cm), so that we can assume that 
for practical purposes at a given gradient there exists 
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Fic. 8—CoNE AREA AS A FUNCTION OF CONE HEIGHT. 


an unique relationship between cone area and cone 
height which is not effected by either permeability or 
by viscosity ratio. Dashed lines on Fig. 8 suggests pos- 
sible relationships at other heads, but with scattered data 
of this type they cannot be taken too seriously. 

The tendency of the cone to flatten after its initial 
formation also was observed. This can be seen in 
Fig. 3. There is some evidence that the final shape of 
the interface under conditions of steady flow actually 
approaches a configuration which is dependent only 
on cone height and not on flow rate. We did not 
specifically investigate this change of shape; in fact, it 
only became apparent on studying the photographs. 
One effect of this flattening is to increase the, oil flow 
rate and to decrease the glycerine flow rate over their 
steady-state values just after the formation of the cone, 
and so steady-state rate reading should be made only 
after the configuration is stable. This precaution was 
not taken in our early runs, and this might explain 
why the measured oil/glycerine ratio is higher than 
the computed ratio for most of runs 1 through 27. 

Two runs (64 and 65) were made with the dimen- 
sions of the flow area changed by inserting a cellulose 
acetate sheet (Kodapak IV) between the plates to re- 
duce the height of the flow area by 5 cm. These runs 
were made to determine whether or not our results 
were invariant under a change of scale. The results of 
these runs correlated sufficiently well with the others 
to satisfy us that the sale of the model is not important. 


1. Meyer, H. I., and Garder, A. O.: “Mechanics of 
Two Immiscible Fluids in Porous Media,” J. App. 
Physics (Nov., 1954) 11. 

2. Leverett, M. C., Lewis, W. B., and True, M. E.: 

~ “Dimensional Model Studies of Oil Field Behavior,” 
Trans. AIME (1942) 146, 175 (217). tk 
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A SIMPLIFIED PORE SIZE DISTRIBUTION APPARATUS 


H. P. BUCKER, JR. 
M. FELSENTHAL 
MEMBER AIME 

F. R. CONLEY 
MEMBER AIME 


Nal: LON 


In the intensive analysis of core samples from oil 
reservoirs, there is a recognized need for pore size 
distribution data. Such data, if collected with adequate 
precision and in sufficient quantity, should contribute 
to a better interpretation of fluid flow phenomena than 
is now possible from a knowledge of permeability and 
porosity data alone. It is hoped, for instance, that pore 
size distribution data may eventually provide a useful 
aid for predicting whether a water flood, or other sec- 
ondary recovery methods, will be successful in a given 
reservoir.’ 


Apparatus for measuring pore size distribution by 
mercury injection at pressures ranging from 0 to 2,000 
psi have been described in the literature.”** All 
of these apparatus are somewhat complex and _ fairly 
expensive. Furthermore, the calibration of some of the 
apparatus is not always easy. Great difficulty, for in- 
stance, was experienced in obtaining reproducible pres- 
sure-volume- correction data for the mercury pump 
shown in one of the references.. An apparatus was 
therefore developed which was less complicated and 
less expensive than those of previously described de- 
signs. This apparatus is, in some respects, an improved 
version of a previously described low pressure ap- 
paratus’ (maximum pressure 150 psi) which did not 
employ a mercury pump but instead used a precision 
bore glass tube for measuring the injected volumes. 

Tests were performed with the apparatus from 
vacuum to 2,000 psi and it was observed that the ap- 
paratus furnished reproducible pressure-volume correc- 
tion data. In addition, it was noted that the maximum 
correction was small, precision of measurement was 
high, and operation of the entire apparatus was rel- 
atively easy. Although the apparatus was designed ex- 
clusively for samples of 1 in. diameter and 1 in. length 


vevuscnet received for review in Petroleum Branch office on Oct. 
6, 55. 
References given at end of paper. 
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or smaller, it could be modified without much difficulty 
for larger samples, if desired. 


APPARATUS 


Arrangement of the pore size distribution apparatus 
is shown schematically in Fig. 1. The heart of the ap- 
paratus is a steel sample chamber surmounted by a pre- 
cision bore capillary glass tube. A mercury reservoir 
is connected to the lower half of the sample chamber. 
The top of the-glass tube is in communication with a 


VACUUM —PRESSURE 
MANIFOLD SYSTEM 


ATMOSPHERE 


CAPILLARY 
GLASS TUBE 


MERCURY 
RESERVOIR 


Fic. 1—Pore SIZE DISTRIBUTION APPARATUS. 
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manifold arrangement which provides for application 
and measurement of either vacuum or pressure. 

Some of the details of this particular model are as 
follows. The inside dimension of the sample chamber 
is just large enough to accommodate a sample of 1 in. 
diameter and 1 in. length. The inside volume of the 
glass tube is 2 cc; the inside diameter of the tube 
is 2.86 mm and the outside diameter 8.5 mm. 

The strength of the glass tube was tested by re- 
peatedly applying twice the working pressure. It be- 
came apparent from these tests that provision must be 
made to restrain the long glass tube laterally in its cen- 
tral portion to prevent buckling. This was accomplished 
by surrounding the central portion of the glass tube 
with a tight-fitting slotted steel tube. This assembly 
was then surrounded by a loose-fitting transparent 
plastic tube for the sake of safety. Careful machining 
and assembly are necessary to insure that the mercury 
drain plug and the mercury inlet valve, as well as the 
“O” ring seals on the sample chamber and glass tube, 
are absolutely leak-proof. 


CALIBRATION AND OPERATING PROCEDURE 


The volume of the glass tube was determined by 
first filling the tube with mercury and then draining 
mercury from it, measuring the length of the drained 
portion, and, finally, weighing the drained mercury. 
From these data and the density of mercury, the length 
vs volume calibration was determined. 

In operation, a core sample is inserted into the 
sample chamber. After vacuum has been applied, mer- 
cury is admitted to the chamber from the reservoir until 
‘most of the glass tube is filled. The height of the mer- 
cury column is measured. The vacuum is then partially 
released and the height of the mercury column when 
stabilized is again measured. Vacuum is thereupon dis- 
continued and pressure is applied in small increments 
up to a final pressure of 2,000 psi while the height of 
the mercury column corresponding to each pressure 
increment is observed. In calculating the pressure at 
the midpoint of the sample, corrections are made for 
the hydrostatic head of mercury above the sample. 

In the above procedure, the height of the mercury 
column is measured with the aid of a cathetometer. 
The instrument consists of a level telescope tube which 
can slide on a vertical scale. The scale is provided with 
a vernier graduated to 0.005 cm. A high precision of 
measurement is possible by the use of this arrangement 
because each vernier division corresponds to a volume 
of less than 0.0004 cc in the glass tube from which 
mercury is injected into the sample. 

A pressure-volume correction curve for the apparatus 
was determined by carrying out a test run as described 
above without a sample in the chamber. The maximum 
correction at 2,000 psi was less than 0.07 cc. Repro- 
ducibility of the volume correction data indicated an 
estimated standard deviation of 0.0004 cc. 

Pore size distribution tests were successfully per- 
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formed with this apparatus on both sandstone and lime- 
stone samples. While the procedure was entirely satis- 
factory for sandstone samples, a modification was con- 
sidered advisable for some limestone samples having 
large pores. In the modified procedure, initial mercury 
injection readings were made with a very low head 
of mercury. This facilitated measurement of relatively 
large pore sizes. 

A typical pore size distribution graph determined 
with this apparatus for a sandstone sample is shown 
in Fig. 2. The time required for a complete test run 
of this sample was less than two hours. ; 

Operating time per sample may be reduced appre- 
ciably by connecting several sample chamber-glass tube 
assemblies with the vacuum-pressure manifold system 
(Fig. 1). Thus, mercury injection test runs could be 
performed concurrently on several core samples. 
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TECHNICAL NOTE 336 


EFFECT of PRESSURE, TEMPERATURE and WELLSTREAM COMPOSITION 
on the QUANTITY of STABILIZED SEPARATOR FLUID 


JUNIOR MEMBER AIME 
JOHN M. CAMPBELL 


A series of correlating charts have 
been prepared to enable the field en- 
gineer to predict the amount of stock 
tank fluid produced by stabilization 
of first stage separator fluid. The 
charts shown are particularly con- 
venient for estimating the relative ef- 
fect of temperature and pressure in 
economic studies. Further work is 
planned to investigate the factors af- 
fecting stage separation” to supple- 
ment this preliminary work. 


The direct correlation of separa- 
tion variables is dictated as a con- 
venience to eliminate the trial and er- 
ror calculation necessary when using 
the standard flash vaporization equa- 
tions. These are obtained by a ma- 
terial balance using the equilibrium 
vaporization ratio K, and have ap- 
peared in the following, or similar, 
form many times in the literature. 


K, 
— 4 K, 
K,, L V ate 
(1) 
where L, = mols of any component 


n in the separator 
liquid 

equilibrium vaporiza- 
tion ratio for any 
component at sep- 
arator pressure and 


K, 


*Present address, Shell Oil Corp. 

Original manuscript received in Petroleum 
Branch office on August 19, 1955. Revised 
manuscript received March 14, 1956. Paper 
presented at Petroleum Branch Fall Meeting 
in New Orleans, Oct. 2-5, 1955. 

References given at end of paper. 
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temperature 

F, = mols of any component 
n in the feed 

V,, = mols of any component 
n in the vapor 

V = total mols of separator 


vapor 

These equations may of course be 
effectively and accurately solved by 
use of digital and analog computers. 
However, these are not usually 
readily available in field offices and 
the need often arises for fast results 
during routine operational problems. 
Consequently, many methods have 
been devised in an attempt to sim- 
plify the basic calculation.”™ 

The methods proposed are gen- 
erally satisfactory, but do not elimi- 
nate trial and error methods and the 
necessity of subsequent calculations 
to obtain the answer in volume 
terms. The purpose of this work, 
therefore, was to develop accurate 
charts that would give the result di- 
rectly in gallons. 

When using stage separation the 
recoveries would be lower than those 
shown, for stabilization usually gives 
about 95+ per cent recovery on the 
potential stock tank components in 
the separator liquid. 

The recoveries are shown in terms 
of a 14 psi Reid Vapor Pressure 
product which has a true vapor pres- 
sure of 14.7 psia at 98°F. Conse- 
quently, this product represents a 
stable stock tank liquid under nor- 
mal storage conditions. 

To estimate natural gasoline re- 
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coveries by stabilization the volume 
shown may be multiplied by 1.20 for 
18 Ib RVP natural gasoline and 
1.36 for 26 lb RVP natural gasoline. 


PROCEDURE 


The five analyses shown in Table 
1 were chosen since they were rep- 
resentative of wellstream composi- 
tions often found and had almost the 
same propanes plus liquid content, 
expressed in gallons per 1,000 std. 
cu ft of wellstream. The distribution 
of the components though is widely 
variant. 

A temperature range of 0-100°F. 
and a pressure range of 200 to 1,250 
psia was chosen inasmuch as most 
separations fall within these limits. 

The K values used were modified 
values of those originally published 
by Katz and Hachmuth.’ In the 
range chosen these have generally 
given good results when predicting 
fluid recoveries. The choice was 
somewhat arbitrary, for the authors’ 
personal experience has shown that 


TABLE 1—WELLSTREAM ANALYSES 
MOL PERCENT 


Component Anal- Anal- Anal- Anal- Anal- 

ysis A ysisB ysisC ysis D ysis E 
Methane 71.18 70.01 73.54 74.79 70.80 
Ethane 15.03 15.03 15.03 15.03 15.03 
Iso-Butane 1.04 1.04 0.87 0.43 4.90 
N-Butane 3,43) O58" 
lso-Pentane 0.96 0.96 0.36 0.17 2.30 
Hexane 0/63" 1.73) 


Heptanes plus 2:98 :0.50 


100.00 100.00 100.00 100.00 100.00 


Molecular 
Weight 24.64 24.02 25.87 24.91 24.36 
Gallons per Mcf, 
propane plus 
fraction 4.64 4.64 4.64 4.08 4.64 
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several other K correlations give 
about the same accuracy. To a de- 
gree this error is academic for the 
wellstream composition in a given 
separator is continually changing, 
rendering comparison difficult. Con- 
sequently the deviations between K 
values, in the ranges chosen, were 
not felt to be a significant factor. 
Further experience has substantiated 
this initial assumption. 

A digital computer was then util- 
ized to determine the total liquid, a 
subsequent calculation being made to 
determine the gallonage of 14 lb 
RVP product. 

The basic five analyses were sys- 
tematically varied to pinpoint the 
relative effect of the wellstream com- 
position on recovery. These were 
designated B’, C’, etc. For example, 
A’ differed from A only by the 
amount of heptanes plus present in 
order to determine the effect of that 
change. E* and E by the same token 
were varied to show the effect, if 
any, that a variation in the ratio of 
the pentane isomers had on recovery. 
In all cases the change in percentage 
of the “heavy ends” was corrected in 
the methane percentage since this lat- 
ter quantity had the least effect on 
recovery. 

Over 200 flash vaporization calcu- 
lations were made using the 13 
analyses. Many of the secondary 
analyses were not run at all pres- 
sures since the effect of pressure, at 
constant temperature, was established 
without them. 


DISCUSSION OF RESULTS 


A preliminary examination of the 
results led to the following general 
conclusions: 

1. That portion of the total sep- 
arator liquid representing the poten- 
tial stock tank liquid was composed 
almost entirely of the normal pen- 
tanes and heavier. 

2. Although the above was true, 
the recovery of stock tank liquid was 
not dependent only on the pentanes 
plus present in the separator feed. 

3. The plot of stock tank liquid 
recovery vs pressure, at any given 
temperature, resulted in a set of sub- 
stantially parallel lines, with the 
wellstream analyses being the para- 
meter. 

4. The effect of separation pres- 
sure on recovery became less marked 
as the temperature was lowered. 

5. The optimum recovery was nor- 
mally obtained at approximately 900 
psia in most instances, regardless of 
the temperature. 

6. The percentage of pentanes plus 
in the feed had less effect on recov- 
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ery as the temperature was increased, 
regardless of the pressure. 

7. No simple general “rules of 
thumb” could accurately predict the 
recovery to be expected. 

A simple plot of stock tank re- 
covery vs temperature for a given 
wellstream yields a family of curves 
with a negative slope. These curves 
rise sharply and begin to flatten at 
about 40°F. Below 20°F they be- 
come quite flat showing that lower 
temperatures often yield little addi- 
tional recovery. 

Inasmuch as the stock tank liquid 
is usually composed primarily of 
pentanes plus, an attempt was made 
to correlate recovery against the 
amount of pentanes plus in the sep- 
arator feed. At separation temper- 
atures up to 20°F, an excellent 
straight line relationship resulted but 
at higher temperatures the correla- 
tion became progressively worse. 

From these and other preliminary 
correlations it was apparent that a 
general correlation would have to in- 
clude pressure, temperature, well- 
stream composition and over-all well- 
stream properties as the principal 
variables. It was further found that 
the preparation of a correlation for a 
given temperature increased the util- 
ity of the results and gave better 
over-all accuracy. 

The final correlation evolved some 
factors F,, F;, and Fo which were 
plotted on the ordinate vs molecular 
weight of the feed and represented 
the relative effect of the heptanes 
plus, hexane and pentanes respect- 
ively on the recovery. At 0°F the 
curves were substantially parallel to 
the abscissa. The following values 
were obtained: 


Fx = 506  F,; =403 Fy = 336 

At 20°F and above the correla- 
tion yielded the curves shown in 
Figs. 2A through 6A. Fig. 1 is used 
with the values above while Figs. 2 
through 6 are companion curves for 
2A through 6A. The shape of the 
series of parallel lines on the left 
hand side of Figs. 1 through 6 stems 
from curves obtained by plotting the 
effect of pressure on the recovery ob- 
tained from the various wellstreams. 

The right hand side of these fig- 
ures is designed to account for feed 
composition and general feed proper- 
ties. The right hand abscissa is an 
empirical expression devised from a 
detailed examination of the data at 
600 psia, which was used as a datum 
since it fell in the middle of the 
range being studied. 

These curves have only been pre- 
pared for a liquid stable at usual at- 
mospheric conditions since this rep- 
resents the most common separation 
problem. It is expected, though, that 
a family of curves might be devel- 
oped that would enable the accurate 
prediction of natural gasoline recov- 
eries. 

Using these charts to compare the 


. effectiveness of various separation 


conditions on a given wellstream is 
very simple. A plot of recovery vs 
pressure, with temperature as a 
parameter, may be prepared by using 
one set of charts for each tem- 
perature. 

The dashed line on Fig. 1 illus- 
trates the use of the curves when 
calculating the recovery from Well- 
stream B at 200 psia and O°F. The 
abscissa has a value of 1,161. This 
figure is located on the right hand 
abscissa, read vertically to the di- 
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agonal line and then aorizontally to 
the 600 psia line which serves as the 
reference line. A line is then drawn 
parallel to the pressure curves to 200 
psia and then horizontally to the 
ordinate. The recovery of 1,120 gal 
MMcf feed is only 1.63 per cent 
different than the value obtained 
with a digital calculator. 

A check against 30 computed re- 
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sults showed an average error of less 
than negative 3 per cent, with only 
two of the errors being over 4 per 
cent. Personal experience with many 
separation installations has shown 
that computed recoveries are about 
7 per cent in error, on the average, 
when compared with the actual re- 
coveries obtained. Consequently, the 
total error when using these charts 
should not exceed 10 per cent. 


Use of these charts is not recom- 
mended below 200 psia or above 
1,250 psia, or where the separator 
liquid is less than 40°API. Below 
200 psia the pressure curves begin 
to converge slightly which makes 
extrapolation difficult. Above 1,250 
psia composition has an increased 
effect on the value of K. The use of 
these charts with heavy liquids is 
open to question, for such liquids 
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were not included in the correlation. 
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TECHNICAL NOTE 3357. 


MUD FILTRATION at the BOTTOM of the BOREHOLE 


1, HAVENAAR 


EXPERIMENTAL DATA 


In an article by C. K. Ferguson and J. A. Klotz,’ 
experiments on the filtration of drilling muds under 
borehole conditions are discussed. Experimental data 
on mud filtration through the wall and the bottom of 
the hole are presented. From the data on bottom-hole 
filtration it was concluded that the filtrate does not 
flow freely into the formation, but that the pores of 
the formation are plugged by the mud. : 

A quantitative interpretation of the data can be 
given, by using a formula for bottom-hole filtration, de- 
rived below. This formula is based on the following 
assumptions, 

1. Each time a blade of a drag bit, or a cone of a 
roller bit, moves along the bottom of the hole, the mud 
cake is completely removed. 

2. A new mud cake is immediately formed on the 
freshly produced surface, and losses of “whole” mud 
into the formation are negligible (this is equivalent to 
an immediate plugging of the pores). 

3. The filtration of the mud on the bottom of the 


2t 
hole follows the classic law: V = A 1 a(E4. 1), where 


t is the time required to yield a volume of filtrate V, A 
is the surface area of filter cake, and C is a constant. 
The application of this equation means that any eroding 
effect of the mud stream on the mud cake is neglected. 

The formula for the calculation of the volume of 
filtrate, O,, flowing in one second through the hole bot- 
tom (diam. d cm), when using a bit with n cones or 
blades rotating at a rate of m revolutions per second, 
is derived as follows: 


The mud cake is formed on the bottom of the hole 
1 
in the time ¢t = aa ; the filtrate volume V which passes 


through the bottom in this time is given by Eq. 1: 


Cnm 


1 
After aoe sec the mud cake is removed. In one 


second this process takes place nm times. Therefore 
the volume of filtrate, obtained in one second is given 


by: 


Manuscript received in Petroleum Branch office on Nov. 8, 1955. 
1Reference given at end of paper. 
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am 

This equation has now been applied to the experi- 
ments of Ferguson and Klotz. 

The constants C were derived by means of Eq. 1 
from the API filter losses of the muds used by the 
authors (t = 1,800 sec; A = 45.16 cm’). 

A three-cone bit was used (n = 3) at 90 rpm (m = 
1.5). The calculated figures are compared with the ex- 
perimental data in the table below. 


TABLE 1—-COMPARISON BETWEEN CALCULATED AND EXPERIMENTAL 
BOTTOM-HOLE FILTRATION RATES 


Bottom hole filtration rate 


Rate of 
V0 drilling Qt: cm*/sec 
Mud ml sec/cm? fph Cale. Exp. 
1. Field 10.1 7.2 x 10% ks 1.6 3.7 
2. Gel 10.5 6.7 x 104 11.6 1.6 3.6 
3. Gel 10.5 6.7 x 104 6.2 1.6 225 
4. Oil base 0.2 1.8 x 108 32 0.04 0.52 
5. Lime Starch 4.1 4.4 x 10° 19 0.73 0.60 
6. Lime Starch 4.1 4.4 x 10° 43 0.73 0.6 —4 


The calculated values of Q; are usually lower than 
the experimental values. This may be due to the fol- 
lowing causes. 

1. The value of C used in the calculation is based on 
the API filter test (filtration pressure of 100 psi), 
whereas the experimental data were obtained with a 
filtration pressure of 200 psi. Although the effect of the 
pressure on C is not large, C decreases somewhat with 
increasing pressure, and this leads to a higher filtration 
rate. 

2. Mud losses and the eroding action of the mud 
stream on the cake are not entirely negligible. 

3. The values of Q; derived by Ferguson and Klotz 
from their experiments are too high, because of their 
assumption that all pore liquid within the formation 
drilled is picked up by the drilling mud. 

It is found, however, that the calculated values of 
QO;, except in the case of oil base muds, are of the right 
order of magnitude. 
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TECHNICAL NOTE 338 


DRAG FORCES on an ACCELERATED CYLINDER 


A. D. K, LAIRD 
C. A. JOHNSON 


AGB 


Drag coefficients for a cylinder being towed through 
water at constant velocity and also at constant linear 
acceleration were measured. Drag coefficients for con- 
stant velocity towing showed reasonable agreement with 
previous results. The drag coefficients found for con- 
stant acceleration showed little correlation with either 
the magnitude of the acceleration or the value_of the 
modulus AD/V’ and tended to be slightly lower than 
those for constant velocity. 


ROD UCT 


For the design of offshore structures, wave forces 
acting on immersed cylinders are of importance. Sev- 
eral investigations have been made of these forces and 
of how they can be predicted from wave theories. A 
paper by Crooke* summarizes much of the work al- 
ready done. More recent research by the Wave Re- 
search Laboratory at the University of California, 
Berkeley, has added much to the body of data collected 
under ocean wave conditions, but has not found a re- 
liable method of force prediction from basic theories 
of wave motion. The present investigation is part of 
a long-range program to collect data with which to 
test current and future theories and correlations. The 
immediate objective was to measure drag forces on a 
circular cylinder subjected to linear accelerations over 
the range of Reynolds numbers between 10* and 10’, 
where the drag coefficient was a constant for constant 
velocities. In particular, the effect of constant accelera- 
tion from rest and from uniform motion was to be in- 
vestigated. 

The effect of acceleration may be evaluated in terms 
of drag coefficients. A useful resistance coefficient, C, 
is defined by the equation for total drag force, D,, ex- 


erted by the fluid on the cylinder, 
Vv? 
Dr =CSp = (1) 


The coefficient C may be plotted as a function of the 
parameter AD/V’. Here D is the diameter and S is the 


1References given at end of paper. : 
Manuscript received in Petroleum Branch office on Dec. 19, 1955. 
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projected area of the cylinder. The acceleration and 
velocity are A and V. The mass density of the fluid is p. 

An alternate drag coefficient, Cy, corresponds to the 
total force of the fluid opposing the motion minus 
the virtual mass force. This drag coefficient, arising from 
the velocity of the fluid, may be compared with that 
for the same cylinder in uniform motion. The simi- 
larities and differences between this coefficient as~cal- 
culated for accelerated and for steady motion are of 
interest in the inverse process of predicting drag forces 
on cylinders under arbitrary conditions. One serious 
difficulty in this method is the specification of the vir- 
tual mass which depends also on the flow picture about 
the cylinder.” 


EXPERIMEN TAL: EQUIPMEN®S 


The experiment was performed in the combination 
wave and towing tank at the Engineering Fieid Station 
of the University of California. The tank is 200 ft long, 
8 ft wide, and 6 ft deep. The tow carriage is externally 
propelled by a cable, and the velocity of the carriage 
is maintained essentially constant by means of an am- 
plidyne. For the purpose of the present investigation, 
the speed control of the amplidyne was modified by in- 
serting a linear speed control rheostat, which was ro- 
tated at a constant speed by a small d-c motor equipped 
with a slip-clutch. Accelerations which were constant 
over a reasonable length of time were thus produced. 
The magnitude of the acceleration depended upon the 
speed of the d-c motor and the limiting speed of the 
carriage. Data were obtained for a range of accelera- 
tions of 2 to 10 ft/sec,* and a range of velocities of 
2 to 15 ft/sec. 

An accelerometer (Statham Type C-2-350) with a 
range of +2g was attached to the carriage and con- 
nected to a Brush analyzer and penmotor. A continuous 
coil of wire with 10 turns/ft wound around a fixed 
wooden form extending for a distance of 40 ft along the 
length of the tank was connected by an electrical con- 
tact mounted on the carriage to a Brush analyzer and 
penmotor, to give the time-position history for each run. 

The test cylinder was machined from solid aluminum 
alloy, 17-ST, to a diameter of 1.250 in., and could be 
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varied in length by the addition or removal of individual 
sections. The ends were approximately hemispherical. 
The smooth surface of the cylinder was covered with a 
layer of white petroleum jelly to prevent oxidation and 
provide a fixed surface condition. The test lengths were 
mounted horizontally and were towed with long axis 
normal to the motion. The cylinder was supported at 
1.5 in. from either end by stings which lay in the wake 
of the cylinder. The 1%-in. x ¥-in. vertical struts 
which supported the stings were 2.5 in. behind the cylin- 
der. The depth of submergence of the centerline of the 
cylinder was 11 in. Type SR-4 strain gauges were at- 
tached to 34-in. steel bars at the upper end of each 
strut and connected to a Brush BL-320 universal ana- 
lyzer and Brush recording penmotor. Calibration of the 
strain gauges was accomplished by exerting a known 
pull upon the center of the cylinder before and after 
each set of runs. 


PROC RE 


Runs were made with cylinder lengths of 39 and 21 
in., and with vertical struts alone. The general pro- 
cedure for each run was to accelerate the carriage 
either from rest or from a low initial velocity to a high 
velocity which was maintained constant for 0.5 to 1.0 
seconds. The carriage was then decelerated to rest. The 
total time for each run varied between 3 and 12 sec- 
onds, and the distance covered was between 15 and 
4O ft. All data were recorded on chart paper traveling 
at a speed of 125 mm/sec. 


ME ANALYSTS 


The accelerometer trace was used mainly as an in- 
dication of those portions of each run where the ac- 
celeration was constant. High frequency vibration in 
the carriage allowed only an approximate value of the 
acceleration to be obtained from the accelerometer. The 
portions of the time-position history corresponding to 
apparently constant values of acceleration or constant 
velocity were then analyzed and plotted to give the 
time-position curve. The velocity was found by finite 
difference methods and plotted against time. The slope 
of the linear portion of the velocity curve then yielded 
the acceleration. A small oscillation with a frequency 
of about 6 cycles/sec was found in the velocity curve. 
It was believed that this oscillation came from the 
vibrations in the driving cable. A straight line was 
drawn by eye through the linear portion of the curve. 
The corresponding total force measured by the strain 
gauges was also plotted against time. The data for con- 
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stant velocity were reduced by plotting total force 
against velocity on logarithmic paper for the 21-in. 
and 39-in. cylinders, and for the struts alone. The strut 
forces were subtracted to give the net force on the 
21-in. and 39-in. cylinders. 

The constant acceleration data were analyzed in a 
similar manner. The strut forces for uniform velocity 
were plotted as a function of velocity. From the strut 
forces at constant acceleration the uniform velocity 
forces for the strut were subtracted at the corresponding 
velocities, and an effective mass was estimated. This 
mass was found to be in agreement with the calculated 
equivalent mass of the struts. These estimated correc- 
tions were applied to the data for constant accelera- 
tion, and the corresponding drag and resistance coeffi- 
cients were calculated. 


The data from which drag coefficients at constant 
velocities as functions of Reynolds number were calcu- 
lated are shown in Fig. 2. The calculated average 
values of C, were 0.87 and 0.89 for the 21 and 39-in. 
cylinders respectively, for Reynolds numbers from 
25,000 to 125,000. 

Drag coefficients for constant and varied accelera- 
tions, calculated from the total fluid force on the cylin- 
der less the virtual mass force, are shown in Fig. 3. 
These coefficients correspond to those for constant 
velocity given above. The average of all the coefficients 
was 0.844. Total drag coefficients for accelerated motion 
estimated from the total fluid force are shown in Fig. 4. 


The important variables, coefficients of drag and 
resistance, accelerations, Reynolds numbers, and AD/V” 
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modulus values for accelerated flow are given in 
Table 1. 


DISCUSSION 


The curves of uniform velocity drag data were drawn 
by the method of least squares with indicated corre- 
lation coefficients greater than 0.995. The drag coeffi- 
cients are lower than those usually given in the lit- 
erature, since they pertain to cylinders whose ratio of 
length to diameter is not infinite. A table of corrections 


TABLE 1 — PARAMETERS 


21-in. cylinder 


Cp Nr € A AD/V* 
ft/sec" 
0.675 25,000 0.713 2.24 0.0259 
0.902 33,350 0.924 2.24 0.0146 
1.190 16,700 1.336 2.90) = 0.0754 
0.780 33,350 0.727 3.47 0.0226 
0.948 50,000 0.963 3.47 0.0100 
0.573 25,000 0.668 4.93 0.0569 
0.691 33,350 0.745 4.93 0.0320 
0.875 50,000 0.904 6.38 0.0184 
0.917 66,700 0.710 6.38 0.0104 
0.751 50,000 0.783 6.96 0.0201 
0.871 66,700 0.889 6.96 0.0113 
0.842 83,350 0.852 6.96 0.0072 
0.541 25,000 0.694 8.52 0.0985 
0.705 33,350 0.755 8.52 0.0707 
0.811 50,000 0.848 8.52 0.0246 
0.818 66,700 0.839 8.52 0.0138 
0.852 33,350 0.795 —0.0374 
0.999 25,000 0.897 —0.0664 
39-in. cylinder 
Cp Nr c A AD/V* 
ft/sec” 
0.952 25,000 1.019 3.57 0.0412 
0.917 33,350 0.954 3.57 0.0232 
0.770 25,000 0.869 5.38 0.0622 
0.966 33,350 1.021 5.38 0.0350 
1.040 50,000 1.063 5.38 0.0155 
0.712 25,000 0.811 5,42 0.0626 
0.868 33,350 0.924 5.42 0.0352 
0.910 50,000 0.934 5.42 0.0157 
0.690 16,700 ~ 1.709 5.60 0.1456 
0.987 16,700 0.767 6.31 0.1641 
0.860 25,000 0.974 6.31 0.0729 
0.984 33,350 1.046 6.31 0.0410 
1.012 50,000 1.040 6.31 0.0182 
0.937 25,000 1.063 8.90 0.0797 
1.019 33,350 1.096 7.57 0.0492 
0.858 33,350 0.949 8.75 0.0596 
0.795 50,000 0.836 8.75 0.0253 
0.811 33,350 1.109 10.40 0.0676 
1.021 50,000 1.069 10.40 0.0300 
0.547 25,000 0.780 —5.78 — 0.0668 
0.848 50,000 0.816 AGL —0.0395 
0.843 33,350 0.780 —6.08 —0.0196 
0.842 66,700 0.823 —7.88 —0.0128 
0.574 83,350 0.611 — 23.00 —0.0239 
Cp = coefficient of drag 
Nr = Reynolds number 
C = resistance coefficient 
A = acceleration 

AD/V? = Iversen's modulus 

Note: Third significant figure not warranted, carried for computational 
purposes. 
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FLuIp Forces ACTING ON THE CYLINDERS, INCLUDING 
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for Cy for various values of L/D at a Reynolds num- 
ber of 88,000 is given by Goldstein.‘ Application of 
these corrections gave uniform velocity drag coeffi- 
cients of 1.12 and 1.18 for the equivalent infinite cylin- 
ders. The accepted value for the uniform motion drag 
coefficient in this range of Reynolds numbers is 1.12. 
The drag coefficients for accelerated motion tend to 
be lower than for uniform motion by some 5 per 


‘cent. There is no well defined trend with acceleration. 
‘This decrease is probably due to the inability of the 


wake to build up to as great a width as found in uni- 
form motion at the same velocity. 

It is significant that the drag coefficient under condi- 
tions of acceleration is not higher than under condi- 
tions of uniform velocity. It will be necessary to per- 
form experiments under other conditions to determine 
the cause of the high drag coefficients frequently ob- 
tained when waves act on a cylinder. 

The resistance coefficient presented in Fig. 4 as a 
function of AD/V’ shows scatter at low values of the 
modulus, as found in other investigations.”” The lower 
end of the line given by Crooke’ for horizontal forces 
on horizontal cylinders is shown for comparison. The 
present values generally lie below this line. 


CONCLUSIONS 


The drag coefficients for a circular cylinder in con- 
stant linear acceleration tend to lie below the cor- 
responding coefficients for uniform motion. 

The modulus, AD/V,’ does not correlate the resis- 
tance coefficient under the simple condition of constant 
linear acceleration at values of the modulus less than 
one-tenth. 
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TECHNICAL NOTE 339 


A FLOWMETER for MEASURING SUBSURFACE FLOW RATES 


J. NEWMAN 
MEMBER AIME 
Cc. WADDELL 
H. L. SAUDER 


An instrument capable of measuring subsurface flow 
rates is described. The instrument is self-contained and 
may be run on piano wire line. It detects flow by means 
of an impeller suspended between two torsion wires. 
The force of the well fluid striking the impeller causes 
the impeller to rotate, exerting a torsional force to the 
wires. This force is determined by recording the angle 
of rotation of the impeller on film using a battery- 
driven, clock-controlled camera. The impeller is sensi- 
tive to flow in either direction and the same instru- 
ment can be used 10 measure injection as well as pro- 
duction rates. Changes in direction of flow, such as 
might be caused by thief zones, are measurable and 
are indicated by a reversal of the direction of rotation 
of the impeller. Adjustment of the sensitivity of the 
instrument to measure a wide range of flow rates is 
accomplished by the use of different size torsion wires. 
An umbrella-type fluid trap, which contacts the casing 
or wellbore, diverts the flow through the flow tube. T he 
fluid trap remains closed while running in the hole and 
can be opened at any point in the well. The instru- 
ment with the trap closed is 1% in. OD and may be 
run through 2 in. tubing. Successful flow profiles have 
been made on wells with flow rates ranging from 60 
B/D to 4,000 B/D at surface pressure up to 4,500 pst. 
The instrument is designed for high-pressure and high- 
temperature operations. 


EN{T R.O:D:U'C 


The need for an instrument that will measure flow 
rates in a wellbore is as old as reservoir engineering 
itself. A number of such devices have been designed 
within the past few years. Some of these have been 
described in the literature’”***’. One of these devices’, 
a hot-wire anemometer type, made many successful 
jobs in dry gas producing areas. Difficulty was en- 
countered when this flowmeter was used in wells pro- 
ducing liquids and development work was initiated to 
overcome this difficulty. The present flowmeter is the 
result of this work and provides an instrument with a 
wider range of application in the industry. Consider- 


1References given at end of paper. 

Original manuscript received in Petroleum Branch office on Aug. 
15, 1955. Revised manuscript received on April 30, 1956. Paper pre- 
pented at Petroleum Branch Fall Meeting in New Orleans, Oct. 2-5, 
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able development work has been done on the tool in- 
volving many changes in the mechanics of recording 
the flow readings, however, the basic principle of flow 
detection has remained the same since its inception. 


PRINCIPLE OF OPERATION 


The basic principle of operation of the flowmeter is 
the utilization of a portion of the kinetic energy of 
flowing well fluid to impart a rotational force to an 
impeller suspended between two torsion wires. This 
impeller, Fig. 1, is a screw-type propeller with the 
blades having a pitch angle of 40°. As the well fluid 
passes through the instrument it strikes the impelier. 
The resulting force rotates the impeller and twists 
the torsion wires to a balance point at which the torque 
imparted to the wires balances the force required for 
the impeller to deflect the well fluid. The impeller is 
symmetrical and a change in direction of the flow 
results in a reversal of the direction in which the im- 
peller is deflected. Thus the direction of the flow as 
well as its velocity is indicated. 

A dial is attached to the impeller by means of a 
hollow tube through which the upper torsion wire ex- 
tends. The angular position of the impeller is recorded 
by photographing the dial at frequent intervals. 

In any given set of torsion wires the modulus of 
shear and polar moment of inertia remain constant 
and the deflection varies directly with the applied 
torque. The deflection imparted to the torsion wires 
also varies as the square of the fluid velocity. Further, 
the velocities represented by any two given deflections 
bear the following relationships: 


( ) 6, 


Where V = velocity of flow stream and 0 = deflec- 
tion. This is the basic relationship which is used to 
calculate the relative velocities represented by a given 
set of deflections where the velocity represented by any 
one of the deflection readings is a known quantity. 

For a given torque, the deflection of the torsion 
wire varies inversely as the fourth power of the wire 
diameter. Wire sizes ranging from .005 in. in diameter 
to .022 in. in diameter can be used. The range of 
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deflection obtained by different sizes of torsion wires 
with various flow rates is shown in Fig. 2. Further 
changes in instrument sensitivity can be accomplished 
by providing a by-pass area through the fluid trap 
which directs the flow through the flow tube. When flow 
above 1,000 B/D is measured, a ventilated trap is used 
which has holes near the center of the trap membrane 
to allow approximately 50 per cent of the fluid to 
by-pass the impeller. Larger amounts of fluid can be 
by-passed if desired. 


DES CREPLION OF INSTRUMENT 


The instrument can be divided into two major as- 
semblies. The top half is the recording half and con- 
tains a battery case, a clock, and a camera. The bot- 
tom half of the instrument is the flow detecting half. 
It contains the flow tube, the fluid trap, the impeller 
assembly, and the liquid seal chamber. An exploded 
view of the instrument and its components is shown 
in Fig. 3. The instrument measures 134 in. OD by 7 ft, 
9 in. in length, and weighs 22 Ib. It is usually run 
with a sinker bar and set of jars which increase the 
total length of the tools to about 15% ft and the 
weight to 58 lb. 


The battery case uses six dry-cell batteries to supply 
the power required to take the pictures and advance 
the film. The clock controls the camera by actuating 
switches at timed intervals to light the lamps that expose 
the film and energize the solenoid that advances the 
film. 

When wellhead pressures permit, the instrument may 
_be run on a conductor cable with the camera operated 
by surface power. 

The liquid seal chamber, Fig. 3, in an exploded view 
in Fig. 4, connects the recording portion of the tool to 
the flow tube section. Well fiuids are excluded from the 
recording portion of the instrument by a glass bulkhead 


Battery Gose 


Fig. 3—Exploded view 
of instrument and 
components. 


Fig. 1 — The 
Impeller. 
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Fig. 2 — Range of deflection obtained by different sizes 
of torsion wires with various flow rates. 


located in the upper end of the liquid seal chamber 
above the dial. The camera is positioned just above this 
glass bulkhead through which the pictures of the dial 
are taken. 

A labrinth liquid seal is used to retain a clear liquid 
around the dial. Thus the dial can be photographed 
regardless of the type well fluid encountered. The 
liquid also serves as a damping fluid acting on fins 
attached to the dial to lessen vibration or oscillation. 
The flow tube section, shown in Fig. 4, contains the 
liquid seal chamber, the impeller assembly suspended 
between the torsion wires, the flow tube, and the fluid 
trap. 

The fluid trap is made up of a number of pre-formed 
wires with a rubber coated nylon membrane in the 
center. This assembly is run in the well in the closed 
position as shown in Fig. 5. The trap-release mechanism 
is used to open the fluid trap at the desired depth in the 
well. The trap when open (Fig. 5) engages the casing 
and diverts the flow through the flow tube. The trap has 
the ability to close and enter a restriction with the 
instrument moving in either direction. 


The following well conditions are required for suc- 
cessful flowmeter operations. 

1. The tubing must be open-ended and should have 
no restrictions, under 1%-in. ID. 

2. The bottom of the tubing must be set far enough 
above the top of the producing zone to allow a full 
flow measurement in the casing. This interval should 
be at least 5 ft, and preferably more. 


3. The well should be cemented and perforated or, 
if completed in open-hole, the hole should be in gauge. 
Open-hole flow logs may be run successfully, but bore- 
hole irregularities cause variations in the instrument 
readings that are sometimes difficult to interpret. A 
caliper log on the open-hole section is an aid in in- 
terpreting open-hole logs. Wells with slotted or pre- 
perforated liners are usually not suitable for Flowlogs. 
In general, if the well fluid has the opportunity to by- 
pass the instrument (due to an annulus around the 
liner, channels through the cement around the casing, 
or borehole enlargement too large to be spanned by 
the fluid trap), the instrument readings will be seri- 
ously affected and interpretation will be difficult. 

4. The flow at the producing interval should be 
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Fig. fe tube section; top half, left, 
and bottom half, right. 


single-phase, that is, all liquid or all gas. Gas con- 
densate wells have been logged successfully, but Flow- 
logs on wells where free gas is being produced with 
the oil have been difficult to interpret because of the 
turbulent and erratic flow conditions which exist. No 
doubt additional field experience will determine just 
what can be measured and what cannot be measured. 


OPERATION AT THE WELL 


Since the flowmeter is a self-contained instrument 
it is usually run on a piano wire line. Conventional 
lubricator equipment is used to lubricate the instru- 
ment into the well. 

A stop watch, synchronized with the instrument clock 
is used to correlate the depth at which all pictures are 
taken. 

After the stop watch has been synchronized with the 
instrument, the instrument case and the flow tube are 
connected and the instrument is placed in a stand 
where the flow tube is completely isolated from moving 
air. The pictures of the dial under these conditions 
are later used as a zero reference in reading the film, 
and all deflections regardless of direction are measured 
from this zero reading. 

After several zero pictures are taken the instrument 
is lubricated into the hole. An accurate time record is 
kept of each operation so that pictures of the film can 
be correlated with the operation being performed. The 
instrument is run through the tubing and out into the 
casing. The trap is opened by moving the instrument 
up the casing or by pulling back into the tubing. 

The instrument is positioned in the casing between 
the tubing and the top of the perforations to obtain 
flow readings with all the flow going through the in- 
strument. The deflection obtained at this point repre- 
sents 100 per cent of the flow and is used as the refer- 
ence point from which all subsequent flow readings 
are computed. The instrument is lowered and stopped 
at predetermined depths where the flow is to be meas- 
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ured. After the perforated interval has been logged and 
the bottom of the well has been located, the instru- 
ment is pulled from the hole. Zero readings are re- 
checked by again placing the instrument in the stand. 


FILM READING AND FLOWLOG 
INTERPRETATION 


The record obtained from the instrument after the 
run consists of a strip of film on which there are a 
hundred or so pictures of the dial. The first step in 
reducing this film record to useful data is to read the 
deflections on the film and correlate these readings 
with the depth at which they were taken. The deflection 
readings, which represent 100 per cent of the flow, 
are then used as a basis for calculating the flow rates 
represented by the other deflection readings. Eq. 2 is 
used for these computations. 

Since V, represents 100 per cent of the flow this be- 
comes: 


100 
in which V, is expressed in per cent of total flow, O, is 
the deflection representing V, and ©, is the deflection 
representing 100 per cent flow. Each deflection reading 
is calculated to determine the relative flow it represents. 


This is illustrated in the Flowlog on Well A, Fig. 6, 
a gas injection well in Louisiana. The instrument deflec- 
tion, the instrument depth location and the per cent 
of total flow passing the instrument at each depth loca- 
tion are shown. In this particular well, a deflection of 
103° was recorded with the instrument positioned in 
the casing above the perforations. At this point all of 
the flow was passing the instrument and 103° repre- 
sents 100 per cent flow. The instrument was lowered 


Fig. 5—The fluid trap; closed, left, and 
open, right. 
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through the zone and stopped at 2-ft intervals. The 
per cent flow represented by each deflection reading 
was calculated and plotted against depth. The result- 
ing log is shown on the right in Fig. 6. Since each flow 
reading represents the per cent of total flow passing the 
instrument, the amount entering or leaving any given 
interval is the difference between the flow readings at 
the top and bottom of the interval. This is plotted on 
the left of Fig. 6 as specific injection in per cent in- 
jected into each 2-ft interval. The resulting log is an 
injection ‘profile. In this well the injection profile was 
fairly uniform but showed a few sections of the perfo- 
rated interval which were not taking gas. 


Per cent Per cent 
Depth Deflection Flow Depth Deflection _ Flow 
9,070 103 100 9,104 12 34.1 
9,078 103 100 9,106 10 31.1 
9,08 97 97 9,108 10 31 
9,082 79 87.5 9,110 9 sikDOES 
9,084 79 87.5 9,112 5 22 
9,086 79 87.5 9,114 Qr5 15.6 
9,088 55 73 9,116 25 15.6 
9,090 54 72.4 9,118 1 9.85 
9,092 48 68.3 9,120 1 9.85 
9,094 45 66.1 9,122 1 9.85 
9,096 35 58.3 9,124 1/2 6.95 
9,098 29 53 9,126 0 0.00 
9,100 22 46.2 9,127 0 0.00 
9,102 19 42.9 


The results of the flowmeter run on Well B, a water 
injection well in the Wilmington field, Calif., are 
shown in Fig. 7. This well was set with 7-in. 20-lb cas- 
ing, then cemented and gun perforated. The Flowlog 
shows that 76 per cent of the water is being injected 
into a 10-ft interval just below the top of the perfora- 
tions. Fifteen per cent of the water is entering the 
remainder of the perforated interval with 9 per cent 
_leaking past the plug and entering the formation below 
the plug. 

The Flowlog on a water injection well in a West 
Texas field is shown in Fig. 8. This well was completed 
in 6%-in. open hole with casing set on top of the zone. 
The log shows the most effective water injection taking 
place in the lower portion of the zone. The well has 
filled up 26 ft since completion. This fill-up covers 
the lower portion of the zone and prevents obtaining 
a detailed log on the distribution of the last 45 per 
cent of the injection water. 

The flowlog on a producing well in Navarro County, 
Tex., is shown in Fig. 9. This well was producing water 
and oil at the rate of 100 B/D from 614-in. open hole. 
The log shows 12 ft of productive zone between 1,388 
ft and 1,400 ft with the bottom 6 ft of open hole un- 
productive. 


CONCLUSIONS 


The instrument is capable of obtaining flow profiles 
on production or injection wells with liquid flow rates 
ranging from 60 B/D to over 4,000 B/D and gas flow 
in excess of 45 MMcf/D at 5,000 psi. It registers 
direction of flow as well as velocity and will indicate 
the presence of thief zones. 

Through July, 1955, the flowmeter has been run 
on 32 wells. Almost half of these Flowlogs showed 
“abnormal” flow behavior or flow profiles which dis- 
agreed with popular opinion. Repeat runs were made 
which verified the accuracy of the instrument. On only 
two wells were the Flowlogs uninterpretable. 
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Fig. 6 — Flowlog on Well A, a gas injection well in 
South Louisiana. 
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Fig. 7 — Results of flowmeter run on Well B, a water 
injection well in the Wilmington field, Calif. 
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Fig. 8 — Flowlog on water injection well in 
West Texas field. 
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TECHNICAL NOTE 362 


THE EFFECT of a SHORT TERM SHUT-IN on a SUBSEQUENT PRESSURE 
BUILD-UP TEST on an OIL WELL 


ROBERT G. NISLE 


In conducting a pressure build-up test on an oil well, 
it is often necessary to shut-in the well for a short time 
prior to initiation of the test. The effect of such a short 
term shut-in on the resulting pressure build-up curve ts 
derived. The derivation is based on the Kelvin point- 
source solution and is a straight forward extension of 
the fundamental theory. 

The magnitude of the effect is evaluated and illus- 
trated by an example. It is shown that if the production 
subsequent to the short term shut-in is at least 10 times 
the duration of the shut-in, the effect will be less than 
10 per cent. 


It often happens that before a pressure build-up test 
can be made an additional valve must be mounted on 
the wellhead, or on arrival at the well, it might be 
learned that the well had been shut-in several hours 
the previous day because of a shortage of tankage. In 
such cases the question is “How will such an interrup- 
tion of production affect the results of a pressure build- 
up test?” This work explains how to take account of 
such a short term shut-in in order that the test can pro- 
ceed without further delay. 

The solution presented here makes use of the Kelvin 
point-source solution used by Horner’ in his treatment 
of the pressure build-up in wells. Use is also made of 
the super-position theorem. 


MATHEMATICAL DERIVATION 


The well is assumed to have been in production at 
a constant rate for a relatively long time (several days 
or more). It is then shut-in for a short time, after 
which it is again placed in production at the previous 
constant rate. It continues to produce at this rate until 
shut-in for a pressure build-up test. 

The Kelvin point-source solution is expressed by 
Equal 


qu 
The sequence of production rates is listed in Table 1. 


TABLE 1 — SEQUENCE OF PRODUCTION RATES 
Time Interval Production Rate 


0 to fi +q 

ti to te + q—-@q=0 

T to AT +q-—-q+q-—q=0 


At time AT the pressure will be the resultant of the 


*References given at end of paper. 
Original manuscript received in Petroleum Branch office on April 
27, 1956. Revised manuscript received May 31, 1956. 
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sequence of production rates shown in Table 1. An ex- 
pression for the super-posed effects may be derived from 
this table. 

(Effect of + q for T + AT) + (Effect of — q for 
T+ AT-t) 

+(Effect of + gq for T+ AT—t) + (Effect of 
for AT)= Resultant (2) 

The desired result is obtained by substituting the ef- 
fect defined by Eq. 1 for the terms in Eq. 2. The re- 
sult is Eq. 3. 


qu 
AT) = Po = 
ra 
OAT AKAT 


When the logarithmic approximation is made for the 
exponential integrals and the terms collected the result 
is Eq. 4. 


Let T — t, = 7 = flowing time following short term 
shut-in 
ty — t, = 8 = duration of short term shut-in 
Then T—t,=7+ 58 
Substitution of these quantities in Eq. 4 gives 


Aik 


VATE 
then approaches 1. 


In this case the effect of the short term shut-in may 
be ignored. In order to get some idea of the numerical 
magnitudes involved take the worst possible case, when 
AT =O, that is at shut-in. If the error is made less 
than some maximum acceptable value at this time, it 
will be less than the maximum-for all subsequent times. 


Let the difference between the value of Ure and 


1 be less than 0.1. Then ns = 


01 


’ Therefore, if the flowing time following a short term 
shut-in is at least 10 times the duration of the short 
term shut-in, the error introduced by ignoring the short 


term shut-in will not exceed 10 cent of —————.- 
per cent o THAT 
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—— | 


If, on the other hand, this condition is not satisfied, 
another procedure may be followed. Eq. 5 shows that if 


Age Ar 
) plotted along. the 


logarithmic axis vs pressure on the linear axis of semi- 
log paper, then the slope of the straight part will be 


yt . 
eerie” Hence the reservoir productivity, kh, may 


be calculated in the usual manner’. 


EXAMPLE 


The effect on the value of the well productivity of 
ignoring the short term shut-in will be calculated. 
Consider the case of a pressure build-up test in which 


the following pressures and times have been recorded. 


A T (Minutes) Pressure (psig) 
4 4085 
1S 4095 
45 4110 
114 4126 
174 4129 
276 4136 
411 4142 
538 4144 
1037 4154 


Let these additional data be given: 


q = 110 STB/D T = 2,930 minutes 
u = 0.1 cp 5 = 120 minutes 
B = 3.0 7 = 300 minutes 


Pw (flowing) = 4,040 psig 

In this example 6 = 0.47; hence, the short term shut- 
in cannot be ignored. Table 2 shows the manner of cal- 
culating the time terms. Although Eq. 5 is expressed 
in metric units, any consistent units may be used in 
the calculation of the logarithmic term. In the calcu- 
lation of the reservoir productivity the engineering 
units of Reference 2 have been used. 

The resulting pressure build-up curves are shown 
in Fig. 1. Column 3 of Table 2 is drawn as Curve 1. 
The straight part has a slope of 38 psi/cycle. Column 
5 is plotted as Curve 2 and the slope of its straight 
part is 41 psi/cycle. It will be noted that both curves 
converge to the same pressure, 4,176 psi, at infinite 


with theory. 


The error introduced by a failure to take account 
of a short term shut-in can be shown by using the 
two values of Z, found graphically in Fig. 1, to calcu- 
late a net effective reservoir productivity’, kh, from the 


time ( approaching 1). This is in accord 


] 
z | 
— 
rt 
EFFECT OF SHORT-TERM SHUT~-IN 
Zqe4i Psiscvere 
0.01 al 10, 
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T+ AT 


T = 2930 min., 7 = 300 min., 6 = 120 min. 


| 2 3 4 5 

Pressure AT T+AT T+AT T+AT 
4085 psi 4 0.0013 1.39 0.0018 
4095 15 0.0050 1.38 0.0069 
4110 45 0.015 1.35 0.020 
4126 114 0.037 1.29 0.048 
4129 174 0.056 1.25 0.070 
4136 276 0.086 1.21 0.104 
4142 All (0.123 1.17 0.144 
4144 538 0.155 1.14 0.176 
4154 1037 0.261 109 0.284 

162.5 quB 
equation kh = pe, 

CuRVE 1 

162.5x 110x .1x 3.0 

kh = = 141 md-ft 
38 

CURVE 2 

16255) 

i= Al = 130 md-ft 


Thus, about 8 per cent error is involved in the value 
of the net effective reservoir productivity by the failure 
to take account of the short term shut-in. This error 
would be larger for larger values of the short term 
shut-in time, §, as compared with the time, 7. 

The small error of 8 per cent in kh results from the 
fact that the straight part occurs at the end of the tests 
where the effect of a short term shut-in is minimized 
rather than at the beginning where it is a maximum. It 
appears, therefore, that in the example given the effect 
of a value of 6 = 0.17 could surely be ignored. It is 
conceivable, however, that in other cases this might not 
be so. It is advisable, therefore, to check by calculation 
in every case the magnitude of the effect. 


CONCLUSION 


A method has been presented which takes account of 
a short term shut-in prior to shut-in for a pressure 
build-up test on a well. 

The maximum error resulting from a neglect of the 
short term shut-in occurs at shut-in and decreases to 
zero at very long times of shut-in. It is concluded that, 
in general, it is best to make the calculations described 
in every case where a short term shut-in has occurred. 


NOMENCLATURE* 


Po = undisturbed reservoir pressure, atmos 

pressure in the reservoir at time T at a dis- 
tance r from the well, atmos 
T = total time up to shut-in for test, sec 

AT = shut-in time for test, sec 


S 
>| 


duration of short term shut-in, sec 
flowing period following short term shut-in, 
sec 
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CONDITIONING of PACIFIC OCEAN WATER for WATERFLOOD INJECTION 


J. D. SUDBURY 


C. F. KNUTSON 
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J. D. LUNG 
JUNIOR MEMBER AIME 


(A Bos. 


This paper has been written to summarize the lab- 
oratory and field studies leading to injection of Pacific 
Ocean water into the Third Grubb formation. 

Laboratory tests for studying the permeabilities of 
cores to Pacific Ocean water are described. Results of 
these tests showed that the water could be successfully 
injected if it is chemically stable, sterile, and properly 
filtered. Clay swelling was shown to be a comparatively 
minor factor in permeability reduction. 

Studies leading to development of an economical 
system for properly conditioning the ocean water are 
discussed. It was necessary to control pH, calcium 
carbonate deposition, bacterial growth, iron solubility, 
oxygen, and suspended solids. A relatively simple sys- 
tem combining the use of sulfur dioxide, a quaternary 
ammonium chloride, and filtration was shown to ade- 
quately control all these factors. This combination has 
not previously been used as a water treating technique. 

Evaluation tests of the water conditioning system 
prior to injection are described, and results of such 
tests are presented. Control measures needed to insure 
a continuously adequate water treatment are reviewed. 


INT RODU LION 


The utilization of sea water for waterflooding has 
only recently been attempted. Knowledge of treating 
requirements has been limited, and in most cases no 
water treating has been done. 

Prior to the initiation of the Third Grubb zone pilot 
water flood at Ventura, Calif.,»° extensive laboratory 
research was done in an effort to define the treatment 
necessary to provide a suitable injection fluid. 


Close coordination and cooperation between field 


Original manuscript received in Petroleum Branch office on Sept. 
6, 1955. Revised manuscript received on June 16, 1956. Paper pre- 
sented at Petroleum Branch Fall Meeting in New Oreans, Oct. 
2-5, 1955. 
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and research personnel were found to be the foremost 
requisites in developing the most economical and prac- 
tical method for treating ocean water. 


LABORATORY 


PLUGGING TENDENCIES OF UNTREATED OCEAN WATER 


A program of laboratory studies was initiated for the 
purpose of evaluating whether ocean water could be 
injected into the formation for prolonged periods of 
time without causing plugging of the pore spaces of the 
formation. Because of the fairly low permeability of the 
formation (averaging about 40 md), it was realized 
from the outset that a water of exceptionally high qual- 
ity was needed. 


Ocean water used in the laboratory studies was care- 
fully filtered through ultrafine fritted glass filters, having 
nominal maximum pore sizes of 1.4 microns. Permea- 
bility tests were then performed on representative core 
material from the formation. It soon became apparent 
in these tests that filtration alone was not a sufficient 
treatment for the ocean water. Prolonged injection of 
the filtered water caused rapid plugging of the core 
samples. The permeability decline of a typical sample is 
illustrated by Curve A in Fig. 1. The several factors 
which can contribute to this plugging tendency are 
briefly reviewed below: 


INTERACTION WITH FORMATION. CLAYS 


An evaluation of clay swelling effects on liquid per- 
meability was made using core samples from the Grubb 
formation. An oil was chosen for determining the ref- 
erence liquid permeability because it would not tend to 
react with any clays that might be present in the forma- 
tion. The samples were then extracted, dried, and resat- 
urated with either treated ocean water, formation water, 
or fresh water. Permeabilities to the various waters 
were then determined. Results of this test series are 
summarized in Fig. 2. 


The difference between the oil permeability and water 
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Fic. 1—PERMEABILITIES OF THIRD GRUBB FORMATION 
CoRES TO FILTERED OCEAN WATER. 


permeabilities, shown as permeability lost in Fig. 2, was 
attributed to partial plugging of the pore channels due 
to clay swelling. Both ocean water and formation 
water, having similar salt contents, yielded almost iden- 
tical permeability reductions. Fresh water, on the other 
hand, produced a somewhat greater permeability loss 
than either ocean water or formation water. This behav- 
ior is typical for water-sensitive sands containing mod- 
erate to small amounts of hydratable clays. It was 
concluded from the data that injection of ocean water 
would not give rise to prohibitive permeability losses 
_ due to clay swelling. 


INTERACTION WITH FORMATION WATER 


In a series of tests, representative core samples were 
completely saturated with sterilized and filtered forma- 
tion water. The water was injected for several days into 
the core samples followed by injection of properly con- 
ditioned ocean water. The change of waters caused an 
average increase of 2 per cent in the liquid permeability 
of the samples. This increase was considered to be 
within the range of experimental error. It was con- 
cluded from the data that the ocean water was com- 
patible with the formation water and that the ocean 
water was as compatible with the formation as was the 
formation water. This was also in line with the similar- 
ity exhibited between the chemical compositions of the 
two waters. The analyses shown in Table 1 are nearly 
identical except that the bicarbonate content is compar- 
atively high and the sulfate content comparatively low 
in the formation water. 


BACTERIAL GROWTH Z 

A sample of the filtered and stabilized ocean water 
was examined under the microscope. This examination 
revealed abundant concentrations of plankton and other 
minute plant food material as well as minor concentra- 
tions of diatoms, protozoa, and bacteria. Both aerobic 
and anaerobic bacteria were found. It was thought that 
the pore structure of the cores formed a favorable sys- 
tem for concentrating the plant food material, which, in 
turn, would form an ideal environment for rapid growth 
of microorganisms. 

It was noted that, when sterilization treatment was 
applied to filtered waters, permeabilities still could not 
be maintained constant during laboratory tests (Curve 
C, Fig. 1). It was noted, however, that the rate of 
decline was not so severe as in the unsterilized water 
(Curve A). It was, therefore, concluded that bacterial 
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TABLE 1—WATER ANALYSIS DATA 


Third Grubb Pacific Ocean 

Formation Water Water 
Total Solids 30,630 33,660 
Specific Gravity 1.020 ; 1.026 
pH 8.1 7.6 
Chloride | 14,780 ppm 18,820 ppm 
Sulfate 173 10 
Carbonate Nil Nil 
Bicarbonate 5,000 185 
Iron 0-1 
Lithium 3 1 
Sodium 12,170 11,719 
Potassium 176 456 
Magnesium 52 1,163 
Calcium 490 452 
Strontium 63 19 
Barium 85 60 
Oxygen 0 6.5 


problems were one major cause of plugging tendencies 
in this system. 


INSTABILITY OF OCEAN WATER 


Examination of the analysis of the ocean water has 
indicated several factors which could contribute to the 
plugging tendency. 

1. Iron hydroxide—There is 0.5-1.0 ppm iron pres- 
ent in ocean water. If any corrosion of equipment oc- 
curs, this concentration of iron will be much greater. 
If, in addition, the water source contains oxygen, the 
iron will be precipitated as ferric hydroxide which is 
a severe plugging agent. The reaction is as follows: 

4 Fe° + 30, + 6H.O —> 4 Fe (OH), | 


2. Iron sulfide—The presence of sulfate reducing bac- 
teria makes possible the formation of small amounts of 
HS. This will react with the iron discussed above to 
form an insoluble iron sulfide as follows: 

Fe° + xH.S FeSx + xH, 

3. Calcium carbonate—At room temperature, this 
water is stable with respect to calcium carbonate precip- 
itation; however at temperatures above 130°F, it was 
shown by experiment and by Langelier Index type cal- 
culations that calcium carbonate deposition occurred. 


> 


| 
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WATER WATER 
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WATER 

Fic. 2—Loss or LiguiIp PEMEABILITY DUE TO INTER- 
ACTION BETWEEN WATER AND THIRD. GRUBB 


FORMATION. 


At the reservoir temperature of 200°F, this tendency 
was very severe. 

The results of permeability tests using filtered and 
chemically stable waters are illustrated by Curve B of 
Fig. 1. It is apparent that stabilization alone improves 
the water quality but does not remove all plugging ten- 
dencies. 


PLUGGING TENDENCIES OF TREATED WATER 


Based on the above discussion, it is apparent that an 
adequate treating system to remove plugging tendencies 
of ocean water must include at least three essential 
features: (1) filtration, (2) stabilization, and (3) 
sterilization. 

Considering these features and using a system to be 
described in detail below, permeability curves for treated 
waters were determined as illustrated by Curve D of 
Fig. 1. There is no apparent decline in permeability 
after 160 hours. It was concluded from these experi- 
ments that properly treated ocean water will not plug 
the pore spaces of the formation during prolonged 
injection. 


CORROSIVE TENDENCIES OF OCEAN WATER 


No laboratory corrosion tests were run to prove the 
well-known fact that ocean water containing apprecia- 
ble amounts of oxygen is very corrosive. It is evident 
that this is a major problem in handling the large vol- 
umes of ocean water planned for this flood. Field tests 
of corrosion rates are discussed later in the paper. 
Corrosion is an important factor in predicting the life 
of equipment and in predicting plugging tendencies due 
to insoluble iron. 


TREATING SYSTEM 


A suitable treating system must include means for 
controlling both the plugging and corrosion tendencies 
of Pacific Ocean water. The components of such a sys- 
tem must be economical and of such a nature that they 
can readily be utilized by field personnel. Many possi- 
ble means for controlling the undesirable properties of 
the water were considered. A final treating system for 
use on this project was selected by the joint considera- 
tion of laboratory and field personnel. The salient fea- 
tures of this treating system include: 

1. Sand trap to remove most of sand from intake 
system. 

2. Use of a diatomaceous earth type filter to remove 
all suspended matter. 

3. Use of 7.5 ppm of a quaternary ammonium chlo- 
ride for the purpose of killing both aerobic and anaero- 
bic bacteria. This material also has the advantage of 
being a better than average corrosion inhibitor. 

4. Injection of gaseous sulfur dioxide (SO.) into the 
water. It was calculated that about 28 lb of SO./1,000 
bbl of water reduces the pH from 7.8 to 5.4. The ad- 
vantages of this injection are briefly listed. 

a. At a pH of 5.4, there is no tendency to precipitate 

CaCO, at temperatures up to 200° F. 

b. The oxygen content of air saturated sea water is 

reduced from 7-8 ppm to less than 0.05 ppm. This 

greatly reduces corrosion and prevents the precipita- 
tion of ferric hydroxide. 

c. All the insoluble ferric ions are reduced to the 

more soluble ferrous stage. 

The chemical reactions responsible for these effects 
are as follows: 

SO, + H,O H.SO, 
SO, + O, + H,O > H.SO, 
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2 H,SO, + O. + 4 Fe*** > 2 H,SO, + 4 Fe= 

It is realized that the same results could be obtained 
by an alternate treating system using NaSO, and HCl, 
cost estimates, however, indicate that use of SO, is 
much more economical. 

It is believed that the treating system outlined above 
is basically sound; however, in order to show its value 
in reducing corrosion and plugging tendencies of the 
water, field pilot tests were carried out prior to injection 
of the water. These tests are described below. 


PILOT FIELD STUDIES 


DEVELOPMENT OF WATER SOURCE 


Before constructing water handling facilities, efforts 
were made to develop a reliable source of sea water. 
The possibility of drilling shallow wells on-shore was 
precluded by the fact that subsurface formations in the 
area dip seaward, preventing the lateral migration of 
sea water. Water wells previously drilled near the shore- 
line had encountered only minor quantities of brackish 
water. 


The most favorable and least expensive source ap- 
peared to be an intake placed in the tidal zone. By 
installing the intake beneath the normal beach sand 
level, some pre-filtering could be accomplished and 
damage from wave action eliminated. The intake has 
60 ft of 8-in. glass reinforced plastic pipe perforated 
with 100 mesh slots. This is connected to the pump cais- 
son (Fig. 3) by 130 ft of the same material. Plastic was 
selected to eliminate the problem of extreme corrosion 
existing in the tidal zone. The intake was installed at an 
elevation of —4 ft to provide a positive pump suction. 


Installation of the intake was made during a minus 
tide. A temporary protective dike was constructed by 
bulldozing sand seaward from the excavation. The pit 
was dug to an elevation of —6 ft. The intake was 
installed and covered with a filter bed of graded gravel 
and coarse sand. Backfilling with beach sand was made 
after placement of the pump caisson and connecting 
line. 


WATER HANDLING 


Facilities for water handling were designed for a pilot 
flood requirement estimated at 2,000 B/D. Accommoda- 
tions were made to allow for possible later expansion 
to full scale requirements of 10,000 B/D. Wherever 
possible, components were unitized to simplify expan- 
sion and to provide greater salvage value when the units 
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have to be moved. The filter is unitized with pump, 
slurry tank, slurry injector, and precoat pot on a single 
skid mount. The triplex pump is also unitized with a 
gas engine. A schematic diagram of the water handling 
system is shown in Fig. 4. 


Sea water is pumped from the intake to the plant 
area by means of a turbine-type pump. A sand trap 
removes the small amount of produced sand from the 
water prior to entering a 750-bbl primary storage tank. 
This feeds a stone-type diatomaceous earth filter. Water 
from the filter flows to a 1,500-bbl final storage tank. 
This supplies a triplex pump which injects the water 
into the injection well. The injection well is 8,400 ft 
from the triplex pump and approximately 1,100 ft 
higher in elevation. 

Controls are provided to make the operation com- 
pletely automatic. These include (a) tank level switches 
to control supply pump, (b) automatic shutoff and time 
reset of supply pump in case of extremely low tides, 
(c) filtering rate control by tank levels, (d) automatic 
triplex shutoff at low tank level, and (e) injection 
pressure regulator. 


TREATING 


The previously outlined chemical treatment is used 
to contro] bacteria, corrosion, pH, and oxygen content. 
The schematic arrangement of components is shown in 
Fig. 4. 

The bactericide is added to the water ahead of the 
sand trap so as to provide corrosion protection of all 
plant components and allow maximum killing time. 
Injection of 7.5 ppm of bactericide is accomplished by 
a small chemical feeder connected to the same electrical 
circuit as the water supply pump. ~ 

Sulfur dioxide is injected into the water before filtra- 
tion. The gaseous phase is used since only 20 Ib/1,000 
bbl is required. Rate of injection is controlled by means 
of an automatic pH controller. Water sampled down- 
stream from the point of injection is flowed contin- 
uously past an electromeiric DH meter. The pH value 
is transmitted to a recording potentiometer which in 
turn_drives a pneumatic controller. The controller actu- 
ates a valve injecting sulfur dioxide at a rate necessary 
to maintain the pH at the desired value. ‘a 


EVALUATION OF WATER TREATING 
AND HANDLING FACILITIES 


Upon completion of the plant, tests indicated that it 


BACTERICICE INJECTOR 


vever _ 


SEA WATER INTAKE IN 
GRAVEL FILTER BED - 5 


GAS 


GAS BLANKET 


750 
BARREL 
RAW WATER 


WELL HEAD TRIPLEX 1500 BBL. STORAGE 


FILTER 


INJECTION WELL 


Fic. 4—SEA WATER HANDLING AND TREATING SYSTEM. 


SURGE TANK 


VOL. 207. 1956 


could reliably provide the required 2,000 B/D of treated 
water. 

The complete treating and handling system was then 
placed in operation up to the injection well. A series of 
tests were made to determine the effectiveness of the 
prescribed treatment in properly conditioning water for 
injection. Portions of these results are briefly discussed 
below. 


BACTERIAL TESTS 

The results of bacterial tests are shown in Table 2. 
These results indicated that the injection of 7.5 ppm 
of the quaternary compound effectively removed all of 
the bacteria from the water. It was also shown that only 
about 0.7 ppm of the quaternary compound was re- 
moved while passing through the filter. Essentially the 
full concentration was still present when the water was 
delivered to the wellhead. 


PH CONTROL 

The pH measurements were made just downstream 
from the filter. It was shown that approximately 20 lb 
of SO./1,000 bbl were sufficient to maintain a pH of 
5.4 + 0.1. Jt was shown that this water had no ten- 
dency to precipitate calcium carbonate when raised to a 
temperature of 200° F. 


OXYGEN REMOVAL 

Oxygen determinations were made using a polaro- 
graphic method based on a description by Marsh’. It 
was shown that, when the pH was reduced to 6.0 or 
lower, the oxygen content was reduced from 4-7 ppm 
to less than 0.05 ppm. 


CORROSION TESTS 


Corrosion test coupons were installed in the flow line 
leading to the injection well. The corrosion rate during 
a flow rate of 2,000 B/D was 35.0 mpy for the un- 
treated water and 1.4 mpy for the treated water. This 
is a 94 per cent reduction in corrosivity as measured by 
a 24-hour test. Subsequent 53-day tests at a flow rate 
of 250 B/D showed the corrosion rate to be 10 mpy in 
untreated and only 0.33 mpy in the treated water. This 
is a 98 per cent reduction in rate of corrosion. The 
reduction is due to the combined effect of removal of 
the oxygen and the addition of the quaternary corro- 
sion inhibitor. This very low rate of corrosion allowed 
the use of welded mild steel pipe in the water handling 
system. 


IRON TESTS 

The iron content of the ocean water is 0.3-0.7 ppm. 
During the initial stages of treatment, iron content of 
the water after traversing nearly 2 miles of flow line 
was 30 ppm. This was believed to be due to a scouring 
action of the quaternary compound. After several days 
of continuous operation, this value dropped to about 
2-3 ppm. This amount of iron is readily maintained as 
soluble ferrous iron in the treated solution. 


TABLE 2—BACTERIAL TESTS 


Sulfate 

Concen. of Reducing 
Sample Source pH Bactericide Bacterial Count Bacteria 
Upstream of 7.6 0 80,000,000/ml  1-10/ml 
Sand Trap 
Untreated Water 
Upstream of 7.6 PEAS. 200 0 
Filter 
Downstream of Filter 5.4 6.8 Less than 20 0 
Downstream of 5.6 6.4 0 0 
Surge Tank 


TURBINE PUMP 
PUMP CAISSON—= — ORAIN 
BEACH LINE 
SAMPLE 
water 
PILOT 
VALVE | 
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PERMEABILITY TESTS 

The tendenc, of the ocean water to cause plugging 
was measured in a simple permeability test. This test 
system has been described in more detail in an article 
currently being published by Carlberg and Felsenthal. 

The tests were made by flowing about 750 ml of 
water through “fine” grade fritted glass discs. The sys- 
tem has been made quantitative by calculating the so- 
called “Cerini’* slope. The lower numerical values for 
slope indicate low tendencies to plug and the higher 
numbers greater tendencies to plug. The absolute values 
of these slopes are of little value except for compara- 
tive purposes. In Fig. 5, typical curves for treated and 
untreated waters are shown. The calculated Cerini 
slopes are indicated on each curve. It is seen that filtra- 
tion alone insures a fairly good water, while use of the 
full treating system produces a water with very little 
plugging tendency. 


CONTROL OF WATER QUALITY 


The following routine testing program has been set 
up to check water quality: (a) daily permeability tests, 
(b) weekly iron count determination, (c) periodic in- 
stallation and examination of corrosion coupons to de- 
termine rate of iron removal, (d) monthly bacterial 
analysis to detect possible development of resistant 
strains, and (e) continuous pH determination. Oxygen 
tests are not made because, as indicated earlier, com- 
plete oxygen removal could be assumed if the pH was 
kept below a value of 6.0. 


CONCLUSIONS 


Laboratory permeability tests showed that Pacific 
Ocean water was suitable for flooding the formation 
provided the water was chemically stable, sterile, and 
properly filtered. Further studies indicated that it was 
necessary to control specifically the following factors: 
pH, calcium carbonate deposition, bacterial growth, iron 
solubility, corrosion, oxygen, and suspended solids. 

An economical and relatively simple treating system 
was devised which combines the use of sulfur dioxide, 
a quaternary ammonium chloride and filtration. Field 
pilot studies indicated that the treating system was ade- 
quate for controlling the above-named factors. 
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FLOW RATE — MILLILITERS / MIN. 


> 


TREATED WATER SLOPE = 0.016 


FILTERED, UNTREATED WATER | SLOPE = 0.1! 
—_| 
5) 
WATER SLOPE 0.54 

4 x ~ 
3 
A 
100 200 300 700 500 700 


TOTAL MILLILITERS 
Fic. 5—-PERMEABILITY TESTS WITH PACIFIC 
OCEAN WATER. 
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TECHNICAL NOTE 366 


SEDIMENTATION in EMULSIONS of WATER in PETROLEUM 


EDWARD TIPMAN 
GORDON W. HODGSON 


INTRODUCTION 


An appreciable number of the oil fields in Western 
Canada are accumulations of heavy black oils in more 
or less unconsolidated sandstones. When the crude oils 
are produced by conventional means, they are frequently 
contaminated with both sand and oilfield weter. The 
-water is usually present as emulsified water, and the 
sand and other solid materials are suspended in the 
emulsions. 


The presence of the solid material in the crude oils is 
troublesome and, in general, little is known about the 
behavior of suspended solid particles in emulsions. The 
Stokes equation describes the behavior of suspended 
particles in homogeneous fluids in terms of particle size, 
density differential, and fluid viscosity. In the case of an 
emulsion, particle size and density differential introduce 
no difficulties, but considerable doubt centers around 
the viscosity term. + 

It has been reported’ that the viscosity of an emulsion 
is related to the viscosity of the continuous phase by an 
expression of the type: 

where n is the viscosity of the emulsion, 
n, is the viscosity of the continuous phase, 
ais a constant, 
C is the volume concentration of the disperse 
phase. 

The value of a, the coefficient of the concentration 
term, has been determined for various systems, and has 
been found to vary from a value of 1 to 4.75°". The 
value of 2.5 has been found to be applicable to a large 
number of systems, and this is the value that is widely 
used in the equation which then becomes the Einstein 
equation for the viscosity of emulsions. It is of consid- 
erable significance that neither the particle size nor the 
viscosity of the disperse phase enters the expression; the 
expression for the viscosity of the emulsion is based 
solely upon the viscosity of the continuous phase and 
the concentration of the disperse phase. 


Original manuscript received in Petroleum Branch office on Dec. 
30, 1955. Revised manuscript received July 16, 1956. 
2References given at end of paper. 
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For crude oil emulsions the Simha equation and the 
data presented by Fukushima and Ichimura‘ show a 
non-linear dependence of the viscosity ratio on the 
water concentration. While it is undoubtedly reasonable 
to use these data for predicting the viscosity of a spe- 
cific emulsion, and while it is equally reasonable to 
expect the calculated viscosity to predict the settling 
rate of a solid spherical particle in the emulsion by 
means of Stokes equation, there seems to be no direct 
evidence that this calculation is indeed sound for de- 
scribing the settling rates of solid particles in emulsions 
of water in crude oils. 


A direct approach to the problem was thus indicated. 
Laboratory equipment was designed and built for the 
direct determination of the rate-of-fall characteristics of 
solid particles in emulsions of water in oil. Although the 
apparatus incorporated the basic design of conventional 
falling-ball viscometers, the study was concerned di- 
rectly with the rate-of-fall characteristics of particles in 
emulsions, rather than with the viscosity of the emul- 
sions as such. 


The crude oil used in this study was a very heavy 
black crude oil—the McMurray oil obtained from oil- 
soaked sands outcropping on the Athabasca River in 
northeastern Alberta. It was produced from the sands by 
strip mining followed by hot-water separation of the oil 
in the separation plant of the Alberta Government at 
Bitumount’. The primary plant product was a wet crude 
oil containing about 5 per cent solids and 35 per cent 
water. The final plant product was only slightly differ- 
ent from the native oil, having lost only about 4 per 
cent of its bulk as light ends during dehydration dis- 
tillations. 

In the present investigation two kerosene dilutions of 
the McMurray oil were used in addition to the dry 
plant product. The McMurray oil contained 1.92 per 
cent solids. Analysis of the solids by X-ray diffraction 
showed the presence of kaolinite, pyrite, and illite as 
major constituents, with lesser amounts of quartz. Parti- 
cle size of the pyrite and quartz was less than 10 


327 


microns, and the major part of the solids was —200 
mesh. Because it was difficult to predict the effect ot 
these solids in the crude oil, attention was first directed 
to moderately viscous refined mineral oils free of emulsi- 
fying agents. Inspections of all the oils are shown in 
Table 1. 

The falling-ball apparatus was basically a vertical 
brass tube 2.5 in. in diameter and 5.5 ft high. For tem- 
perature control at the five temperatures used—70, 100, 
130, 160, and 180°F—constant-temperature water was 
circulated through a jacket enclosing the tube. The tube 
was part of a flow assembly in which the emulsions were 
prepared. Fluid was withdrawn from the bottom of the 
falling-ball tube, passed through a water injection head, 
a gear pump, a meter, a heat exchanger, a modified 
Waring emulsifier, and then through a return line to the 
top of the falling-ball tube. 

The balls used in the study were six sizes of commer- 
cial steel ball bearings: 1/16, 3/32, 1/8, 3/16, 1/4, and 
3/8 in. in diameter. The rate of fall of the balls was 
measured by making them radioactive and timing their 
passage between two geiger counters mounted at fixed 
points 3.64 ft apart along the tube. The radioactivity 
was produced by irradiation of the balls by slow neu- 
trons (Fe 58 n, y Fe 59) in the reactor of the Atomic 
Energy of Canada plant at Chalk River, Ont. The 
two detectors were connected in parallel to an electronic 
timing circuit that started and stopped a mechanical 
counter. 

In the emulsions produced in the flow system, the dis- 
persed water globules were several microns in diam- 
eter. The emulsions of the refined oils were stable for 
days, and the emulsions of the black oils were stable for 
months. No emulsifying agents were added to any of the 
oils. Both the refined oils and the black cils, and also 
their emulsions, appeared to be Newtonian in character 
in the temperature range of this study. 

All five oils were examined in the dry state in the 
falling-ball equipment, and the data were compared with 
the data obtained from a conventional viscometer. The 
data from the Modified Ostwald viscometer were used 
in the Stokes equation for predicting the rate of fall of 
the steel balls under the conditions of the tests. 


Comparison of the observed and predicted rates ove: 
the temperature range from 70 to 180°F for the five 
ball sizes was made. The Stokes values were corrected 
to compensate for the effect of the wall of the vessel on 
the falling ball. The Bacon’ correction and the Francis’ 
correction gave almost identical results for wall effects. 
End effects were small enough to be neglected. Agree- 
ment between predicted and observed values were within 
about 1 per cent, except under conditions of large ball 
size or low viscosity at the higher temperatures. Fig. 1 
shows that this agreement held until a change from 


TABLE INSPECTIONS 
McMurray McMurray Aviation Aviation 


McMurray crude crude lub. oil, lub. oil. 
crude diluted diluted grade 140 grade 100 
Kerosene added, vol. % 0 6.28 16.9 0 0 
Gravity, °A.P.1. at 60°F. 5.7 9.7 11.8 — — 
Viscosity, poises at 100°F. 72.81 19.78 6.57 3.896 2.160 
Viscosity index — — — 103.6 103.3 
Ash, wt. Y 1.70 1.62 1.20 0.005 0.005 
Pour point, °F. 55 25 —1'5 15 0 
Ramsbottom carbon 
residue, wt. % 14.1 13.4 11.9 0.443 0.311 
Distillation at 40 mm: 
Vol. % at 125°C. 1.0 Se. 11.8 
15 3.1 9.5 18.3 
175 6.5 13.2 21.6 
200 11.4 25.0 
225 15.7 21.9 29.3 
250 21.1 26.8 34.0 
275 —_— 29.7 40.3 
Cracking temp., °C. 263 260 273 
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laminar to turbulent flow conditions occurred, at Reyn- 
olds number greater than about one. 

The general Einstein equation indicates that the pres- 
ence of a disperse phase in an oil should increase its 
viscosity, and this was found to be true for the five oils 
used.* Fig. 2 shows typical data for the change in sedi- 
mentation rate of a steel ball with increasing water 
content in the five oils at 160°F. 

Attention was next directed toward the question ot 


=Anomolous behavior was noted in emulsions in which the water 
concentration was very low. There was distinct evidence of an 
increase rather than a decrease in the fall velocity for all the balls 
in the 2.5 per cent emulsion. This effect was not caused by “‘work- 
ing’, often observed with greases, and it~seems reasonable to at- 
tribute it to the dilution factor first mentioned by Hatschek.® How- 
ever, the effect was small and occurred only at very low water 
concentrations. 


McMURRAY OILS 
TEMP 70,100,130,160,180 °F 


T 


VELOCITY PREDICTED 
VELOCITY DETERMINED 


T 


0.001 0.01 


Fic. 1—CurvE ILLUSTRATING AGREEMENT BETWEEN 

PREDICTED AND OBSERVED VELOCITIES AT REYNOLDS 

NuMBERS LESS THAN ONE FOR THREE Dry MCMurRRAY 
O1Ls AT FIVE TEMPERATURES. 


SEDIMENTATION RATES 
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3" 
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=] 
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WW 
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EMULSION WATER CONG.-VOL.%& 
Fic. 2—TyPicaL DATA FOR CHANGE IN SEDIMENTATION 
RATE OF STEEL BALL WITH INCREASING WATER CON- 
TENT FOR FIVE OILs aT 160°F. 
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TABLE 2—COMPARISON OF VELOCITIES PREDICTED BY THE STOKES 
EQUATION CORRECTED FOR WALL EFFECT WITH OBSERVED VELOCITIES 
AT 100°F. FOR EMULSIONS OF GRADE 140 AVIATION LUBRICATING OIL. 


Water conc., % 2.50 ; 4.60 9.22 25.1 
Viscosity, poises 4.141 4.419 4.802 8.17 
Method Rate of fall, in./sec. 
Ball diameter, 1/16 in.: 
Stokes, uncor. 0.897 0.840 0.772 0.455 
Stokes, Bacon cor. 0.848 0.793 0.730 0.430 
Stokes, Francis cor. 0.848 0.794 0.730 0.430 
Observed 0.863 0.789 0.719 0.404 
Ball diameter, 3/32 in.: 
Stokes, uncor. 2.02 1.89 1.74 1.02 
Stokes, Bacon cor. 1.86 1.74 1.60 0.940 
Stokes, Francis cor. 1.86 1.74 1.60 0.940 
Observed 1.85 1.76 155 0.915 
Ball diameter, Vg in.: 
Stokes, uncor. 3259) 3.36 3.09 1.82 
Stokes, Bacon cor. 3.19 2.99 275 1.62 
Stokes, Francis cor. 3.20 3.00 2.76 1.62 
Observed Rall 2.99 2.65 1.60 
Ball diameter, 3/16 in.: 
Stokes, uncor. 8.07 4.09 
Stokes, Bacon cor. 6.74 6.31 5.81 ' 3,42 
Stokes, Francis cor, 6.77 6.33 5.83 3.43 
Observed 6.31 6.01 5.43 3.36 
Ball diameter, 1/4 in.: 
Stokes, uncoi. 14.3 13.4 12.3 07-28 
Stokes, Bacon cor. Pie2 10.5 9.66 5.69 
Stokes, Francis cor. 11.3 10.5 9.72 5.73 
Observed 9.74 9.41 8.35 5.37 


whether the viscosity of an emulsion could be measured 
by a capillary-flow type of viscometer, the data being 
inserted in the Stokes equation to predict the rate-of- 
fall of a solid particle. Table 2 shows that there is excel- 
lent agreement between the predicted and observed val- 
ues. This agreement therefore rules out any possibility 
that there is a preferential wetting effect that might be 
operative in one viscometer system and not in the other. 
This conclusion is further strengthened by the observa- 
tion that initial wetting of the balls cither by water or 
by oil had no effect on the fall rates. 


CONCLUSTONS 


It was therefore concluded that if the viscosity of an 
emulsion is measured either by a falling-ball method or 
by a simple capillary flow viscometer, the rate of fall of 
any particle in that emulsion may be calculated by 
means of the Stokes equation provided that the system 
is such that the Reynolds number is less than one. In 
the case of the heavy oils and the small particles used 
in the present study, this was always true. 

The rate-of-fall data obtained in this study were used 
to arrive at a relation for predicting the viscosity of an 
emulsion in terms of the viscosity of the dry oil. The 
rate-of-fall data were corrected for wall effect and con- 
verted to viscosity units. The data for all five oils, ex- 
cluding data for Reynolds number greater than one, 
were plotted in Fig. 3 as the ratio of the viscosity of the 
emulsion to the viscosity of the dry oil against the con- 
centration of water in the emulsion. Data for the various 
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OIL EMULSIONS 
70-180 °F. 


McMURRAY OILS 


REFINED OILS 


VISCOSITY OF EMULSION 
VISCOSITY OF DRY OIL 
ine) 
T 


| | 
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Fic. 3—CuRVES ILLUSTRATING CHANGE OF VISCOSITY 

WITH WATER CONCENTRATION FOR EMULSIONS OF 

THREE McMurray OILS AND Two LUBRICATING OILS 
OVER TEMPERATURE RANGE OF 70 To 180°F. 


ball sizes and the various temperatures fell on two 
smooth curves, characterized by the following equations: 
SC) tor the relined 
oils, and 
(1 + C + 14C’ + 26C’) for the McMur- 
ray oils. 


REESE BERGE ETS 


Bacon, L. R.: Jour. Frank. Inst. (1936), 221, 251. 

Einstein, A.: Ann. Physik (1906), 19, 289. 

Francis, A.: Physics (1933), Min. 4, 403. 

Fukushima, T., and Ichimura, T.: Jour. Chem. Soc. 

Japan, Ind, Chem. Sect. (1953), 56, 958. 

5. Harrison, W.: Soc. Dyers and Col. Jour. (1911), 27, 
No. 4. 

. Hatschek, E.: Trans. Far. Soc. (1913), 9, 80. 

7. Pasternack, D. S.: Petr. Engr. (1953), 25, No. 2, 

AS58. kk 


329 


TECHNICAL NOTE 367 


DETERMINATION of the VISCOSITY-TEMPERATURE RELATIONSHIP for 
CRUDE OILS with the ULTRA-VISCOSON 


The determination of cloud points 
has to date been limited to rather 
transparent oils, visual observation of 
the formation of a solid phase being 
the criterion for the standard ASTM 
D 97-47 method. 

The need for a quick and simple 
method for determining cloud points 
under dynamic conditions for opaque 
crude oils became necessary in a 
study of fundamental aspects of par- 
affin deposition from crude oils. 


The determination of cloud points 
in opaque oils by viscosity tempera- 
ture curves is fairly new, Young’ de- 
scribed a method employing the cap- 
illary tube principle. No information 
exists relative to the determination 
of cloud points of crude or refined 
oils under dynamic conditions. 

Shock’ noticed that deposition of 
paraffin from crude oils took place 
at temperatures at or below the tem- 
perature at which a sharp inflection 
point occurred in the viscosity-tem- 
perature curve. This observation in- 
dicates a possible correlation between 
this temperature and the cloud point 
of the crude oil. 


Reistle’ and Vietti* have reported 
that when crude oils containing small 
amounts of asphaltic materials were 


Original manuscript received in Petroleum 
Branch office on Feb. 17, 1956. Revised manu- 
script received on July 6, 1956. 

1References given at end of paper. 
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heated to temperatures sufficiently 
high to solubilize these materials and 
immediately cooled the pour point 
of the crude oil was lowered as 
much as 70°F. Sachanen’ ascribes 
this effect to the action of colloidal 
asphaltenes in preventing the forma- 
tion of the crystalline structure nec- 
essary to maintain the oil in a rigid 
state. At high temperatures, asphal- 
tenes are peptized, and the paraffin 
crystals formed at these temperatures 
adsorb the colloidal asphaltenes on 
their surface thereby hindering fur- 
ther growth of the crystals. Reistle’ 
found, however, that such heating 
and cooling of crude oils had no 
effect upon the cloud points. This 
latter work dealt with a crude oil of 
fixed composition, and the question 
immediately arises as to the effect of 
varying the concentration of asphal- 
tic materials on the cloud point. 


APPARATUS AND PROCEDURE 


All viscosity measurements were 
made with a Bendix Ultra-Viscoson’. 
The Bendix Ultra-Viscoson, which 
consists of a vibrating probe and an 
electronic computer, measures vis- 
cosity by exciting a thin alloy steel 
blade on the end of a probe by short 
electrical pulses in damped oscilla- 
tion at 28 kilocycles. The blade vi- 
brates longitudinally with an ampli- 
tude of less than ¥% micron or 20 
millionths of an inch. Energy to pro- 
duce this excitation is generated in 
the computer and transferred to the 


probe through the connecting cable. 
The oscillating blade is magnetostric- 
tive, i.e., it is capable of transform- 
ing electrical energy to mechanical 
energy in the ultrasonic range. Ultra- 
sonic waves are produced in the 
material surrounding the blade by 
the oscillating motion of the blade 
causing layers of the material to slip 
back and forth over one another at 
a known frequency. The electronic 
computer calculates the energy re- 
quired to produce the sliding motion 
which is in turn proportional to the 
viscosity of the material. Actual val- 
ues of viscosity times density (centi- 
poise X grams/cc) are indicated on 
the computer and a continuous D-C 
signal is provided which is fed into 
a type 153 Electronic Recorder 
(manufactured by Brown  Instru- 
ments Div. of Minneapolis-Honey- 
well Regulator Co.) 

The liquid sample container was 
fabricated from a Lucite cylinder 
and jacketed by a Lucite water bath. 
Early experiments using glass and 
steel sample containers were not sat- 
isfactory, since the Ultra-Viscoson 
was apparently affected by the altera- 
tion of the magnetic fields surround- 
ing the probe by stresses set up in 
the glass and steel as it cooled. 

The procedure for determining 
viscosity-temperature curves was rel- 
atively simple. The temperature of 
the sample was raised sufficiently 
high to solubilize all paraffin and as- 
phalts present. After heating, the oil 
sample was immediately transferred 
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to the Lucite container and the Ultra- 
Viscoson probe submerged in the 
sample. The oil sample was stirred 
vigorously during cooling in order 
to maintain uniform temperatures 
throughout the sample, to simulate 
flowing conditions, i.e., movement of 
fluid, and to maintain a homogenous 
suspension of paraffin particles at 
temperatures below the cloud point. 
A slow rate of flow of water through 
the water jacket maintained a con- 
stant temperature about the sample 
container, thus assuring a rather uni- 
form cooling rate of approximately 
2°F per minute. 

The cloud point of opaque oils un- 
der the above conditions was deter- 
mined to be the temperature at which 
an inflection point occurred in the 
viscosity-temperature curve. 

In order to check the accuracy of 
cloud point determinations with the 
Ultra-Viscoson and to compare the 
results so obtained with the Standard 
Cloud Point Test (ASTM Standard 
-D 97-47), several mixtures were pre- 
pared with different melting point 
paraffins and kerosene. Cloud points 
of the clear, transparent solutions 
were observed by the ASTM pro- 
cedure in the normal manner and 
also, while taking readings of the vis- 
—cosity changes during cooling, the 

appearance of any turbidity was 
noted. It was felt that comparable 
results obtained by the two methods 
using clear solutions should prove 
the suitability of the Ultra-Viscoson 
for determining cloud points in dark 
-or Opaque solutions where visual ob- 
servation methods would be wholly 
inadequate. 

The effect of asphaltic materials 
on the cloud point of known hydro- 
carbon systems, i.e., refined paraffin 
wax and kerosene, was studied by 
observing the change in cloud point 
as varying amounts and different 

- types of asphalts were added to solu- 
tions of paraffin in kerosene. 


RES 


The results of this investigation 
are shown graphically in Figs. 1 
through 8. The physical properties of 
the various crude oils examined are 
shown in Table 1. The per cent of 
paraffin reported was determined by 
the Holde-Mueller’ distillation pro- 
cedure while the melting point of the 
paraffin obtained was measured by the 
Standard ASTM D 87-42 method. 


Fig. 1 shows the viscosity curves 
determined with the Ultra-Viscoson 
for known compositions of a 180°F 
melting point paraffin and kerosene. 
In all determinations the cloud point 
found by the Ultra-Viscoson checked 
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within 3°C of the cloud point deter- 
mined by the ASTM method. Since 
measurement of the cloud point by 
the ASTM method is only accurate 
to 2°C, the cloud point indicated 
with the Ultra-Viscoson was consid- 
ered accurate for all practical pur- 
poses. 

Figs. 2 through 6 represent the vis- 
cosity-temperature curves determined 
with the Ultra-Viscoson for several 
crude oils. The effect of asphaltic ma- 
terials upon the cloud point of several 
solutions of kerosene and varying 
amounts of different melting point 
paraffin waxes was investigated. 
Cloud point of these solutions was 
determined at different concentrations 
of asphaltic materials. Fig. 7 shows 
the effect of a 135 penetration as- 
phalt upon the cloud point of sev- 
eral of these systems. 

Fig. 8 shows a comparison of the 
effectiveness of three grades of as- 
phalt in lowering the cloud point of 
a solution containing 0.76 weight per 
cent of a 200°F melting point paraf- 
fin wax in kerosene. 


DISCUSSION OF RESULTS_— 


All viscosity-temperature curves 
obtained by the Ultra-Viscoson have 
the same characteristic, i.e., a sudden 
change in slope at the cloud point, 
the viscosity increasing rapidly as the 
temperature is lowered below this 


point. At temperatures above the ~ 


cloud point the viscosity behaves as 
would be expected for a single phase 
system, i.e., a slight increase in vis- 
cosity occurs with decreasing tem- 
perature. 

The fluctuations of the viscosity- 
temperature curves at temperatures 
above the cloud point are most 
likely an indication of the non-attain- 
ment of thermal equilibrium between 
the probe blade and the oil sample. 
This condition prevails for 5 to 10 
minutes during the early cooling 
stage. When the cold probe is in- 
serted into a hot solution, paraffin 
tends to deposit on the blade. As the 
temperature of the blade is raised 
through contact with the hot solu- 
tion, paraffin initially deposited on 
the blade will be dissolved and there 
will be a corresponding decrease in 
viscosity indicated by the Ultra-Vis- 
coson. In later determinations such 
fluctuations were eliminated entirely 
by submerging the probe prior to 
heating the sample. 

Failure of the Howard Glasscock 
crude oil to exhibit a large change in 
slope of the viscosity-temperature 
curve at the cloud point may be due 
to the much greater percentage of 
resins in this crude oil. Upon cool- 
ing, the resins apparently act as dis- 
persants and effectively maintain sep- 
aration of the individual paraffin 
crystals, thus accounting for the ab- 
sence of any sharo change in viscos- 


= ; TABLE 1—ANALYSIS OF CRUDE OILS 


Howard 


Delhi 


- Camp NW Pool Glasscock DU-184-1 Big Foot 
Gravity, °API 26 29.9 40 39 38 
Viscosity, cp 29.5 Wee 5.81 3.71 4.03 
Cloud Point, °F 738 97 105 119 113 
Paraffin Wax, % Psi 3.39 4.35 4.32 3.79 
Pentane Insolubles, % ef) 1.18 1.37 1.19 0.552 
Benzene Insolubles, % 0.157 Tigk2 0.00 0.00 0.0018 
Melting Point of 

Paraffin Wax, °F 125 121 122 128 120 
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ity. Shock’ also found this type of 
behavior in some crude oils. 

From a study of Fig. 7, it can be 
seen that as the melting point of the 
paraffin is increased the presence of 
small amounts of asphalt materially 
lowers the cloud point, a decrease of 
30°F being obtained in some in- 
stances. This phenomenon may be 
attributed to the action of colloidal 
asphaltenes partially coating the nu- 
clei of the paraffin particles as they 
are formed, thereby presenting obsta- 
cles to the further growth of the 
nuclei in the same manner that 
Sachanen’ found the pour points of 
crude oils to be affected by the pres- 
ence of asphaltenes. 

At higher concentrations of asphal- 
tic materials, the colloidal asphal- 
tenes are not only adsorbed on the 
surface of the paraffin particles but 
also tend to coagulate, possibly re- 
sulting in coprecipitation of paraffin 
and asphalts, and thereby increase 
the cloud point temperature. The 
eutectic form of the curves in Fig. 7 
bears out such a possible mechanism 
for the formation of the solid phase 
at the cloud point temperature. 

As shown in Fig. 8 the higher 
penetration asphalts were found to 
be most effective in depressing the 
cloud point. As yet unexplained is 
the reversal in position of the cloud 
point curves for the different grades 
of asphalt at higher concentrations. 
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TECHNICAL NOTE 369 


APPLICATION OF THE GELATIN MODEL FOR STUDYING 
MOBILITY RATIO EFFECTS 


MELVIN B. BURTON, JR. 
PAUL B. CRAWFORD 
MEMBER AIME 


ABS TRACT 


A procedure is given which describes how the gelatin 
model may be used to study the effect of mobility ratio 
“on_areas swept before and after breakthrough in fluid 
injection programs. Differences in mobility ratio are 
achieved through the proper selection of electrolytes for 
the invading and displaced fluids. The progress of the 
front is followed visually and photographed or traced 
onto plates at desired positions before and after break- 
through. Example applications to standard flooding pat- 
terns, vertically and horizontally fractured reservoirs 
and the in-situ combustion recovery process are pre- 
sented. 


In water flooding, gas cycling and other fluid injec- 
tion programs, the sweep efficiencies and swept areas 
after breakthrough are known to depend on the mobility 
ratio. Previous investigators have described the applica- 
tion of the X-ray technique, stepwise use of the poten- 
tiometric model and numerical procedures for studying 
these problems.”**" Others have described the applica- 
tion of the electrolytic and gelatin models for studying 
sweep efficiencies at a mobility ratio near one.”””*” It is 
a purpose of this paper to describe a procedure for 
using the gelatin model-to study swept areas at mobility 
ratios other than one. 


PROCEDURE 


The technique developed for gelatin model studies is 
composed of four phases: the construction of the 
model, the selection and preparation of electrolytes, the 
running procedure, and the recording of the swept areas. 


IReferences given at end of paper. 
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Each phase is discussed independently in order that the 
over-all procedure will not be confused. 


CONSTRUCTION OF THE MODEL 


Since some of the advantages of the gelatin model 
are its economy, and speed, it is desirable to have as 
small_a model as is possible without creating error 
through the inability to follow visually the progress of 
the colored front. For this work, it was found that a 
distance of 4 to 6 cm between salt bridges is convenient 
to use. Since the size is relatively small, it follows that 
the gelatin layer must be thin. For this study, ¥ in. was 
used as the gelatin thickness in each case. 

The model was constructed on a flat %2-in. plastic 
(Lucite) base with boundaries constructed from %-in. 
plastic strips. The well pattern to be studied was out- 
lined with the Y-in. plastic strips on the base with nar- 
row apertures (- - 2 mm) in the boundary to represent 
the wells. Behind each well opening, a rectangular area 
of some 8 to 12 sq cm was outlined by additional plas- 
tic strips. The plastic strips were fastened to the base by 
any suitable non-conducting cement so that the boun- 
dary system was liquid tight. 

The electrodes were constructed from sheet copper 
in a fashion that would allow easy removal. In this 
work, it was found that by simply forming a large 
U-shaped clip from a strip of the copper that wowld slip 
over the boundary was satisfactory and easily removed. 
The electrodes should be as wide as one of the sides of 
the rectangular area behind the well opening. If a frac- 
tured pattern is studied, fractures inside the well pattern 
may be represented by strips of copper of the desired 
shape mounted in some easily removable fashion. 

The reason that apertures (or salt bridges) were used 
for wells instead of metallic electrodes is that the plating 
of the electroactive ion at the cathode and the introduc- 
tion of an electroactive ion at the anode has a detrimen- 
tal effect on the swept area outline if these operations 
were permitted to be carried on within the well pattern 
itself. The anode may be used within the well pattern 
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as a fracture if the solution around it is constantly re- 
newed. Since the electrode does not represent the well 
directly, it is necessary that the electrode be very large 
compared to the salt bridge so that the potential drop 
across the area behind the salt bridge is low compared 
to the potential drop across the well pattern and the 
current density at the electrode is very low compared 
to current density at the salt bridge. 


SELECTION AND PREPARATION OF ELECTROLYTES 


Swearingen’ discussed the selection of electrolytes for 
studying reservoir problems at a mobility ratio of one. 
Botset? indicated the restriction of his study to the case 
where the mobility ratio was one. In order to accom- 
plish different effective mobility ratios of the displaced 
material to the sweeping material, the conductivity of 
the electroactive ions must be varied. It was found in 
the exploratory phases of this work that varying the 
conductivities by varying concentrations of the electro- 
lytes was undesirable because of concentration gradient 
effects and for other reasons. The colored sweeping ion 
was Cu(NH;)** which gives an intense blue color. The 


uncolored swept ion was used to control the conductiv- 
ity (or effective mobility) ratio. The conductivity-con- 
centration curves of various uncolored ions were ob- 
tained along with the same curve for Cu(NH,);*. The 


chloride was used in every case to give a common anion. 
It was found that at a concentration of 0.2N, the 
ions demonstrated effective conductivities in ratios to 
Cu(NH,);* as follows: cadmium 0.5, manganese 0.85, 


potassium 1.2, and hydrogen 3.0, compared with data 
of Ref. 3. All of the solutions were prepared from the 
chloride salts in the usual fashion. The Cu(NH,).Cl. 
was prepared from the CuCl, with a stoichiometric quan- 
tity of NH, OH added to completely dissolve any white 
precipitate formed. It is suggested that all the uncolored 
ions (Cd**, Mn*‘*, K*, and H*) be prepared in 0.4 N 
solutions. It was found that if the agar agar is poured as 
a hot solution into an equal volume of the electrolyte 
just before use, less hydrolysis takes place and more 
successful gels result. 


Sipecifically, the method for preparing the gel for use 
is as follows: At the start of the operation, a 6 per 
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cent by weight solution of agar agar gelatin in water is 
prepared by heating the gelatin in the proper amount of 
water. This gelatin is then poured into a group of small 
containers holding about 25 ml of gel each. These are 
set aside and used as needed. To prepare a specific 
electrolyte in a gel for use in a model, one of the small 
containers of agar gel is heated over a water bath until 
the gel is fluid. A small quantity (5 or 10 ml) of the 
liquid gel is mixed immediately with an equal volume 
of the electrolyte to be used. This solution of 3 per cent 
gelatin and 0.2N with respect to the electrolyte can 
then be poured directly into the model to the proper 
depth for use. 

In every case, the Cu(NH,).,Cl. was used in a liquid 

solution. 


RUNNING PROCEDURE 


The gel containing the electrolyte is poured into the 
patterns in the desired shape, but no gel is placed in the 
open areas behind the well openings. The Cu(NH,).Cl, 
solution is placed in the anode area with an electrode 
and the 0.4N solution of HCl is placed in the cathode 
area along with two drops of phenolphthalein indicator. 
The phenolphthalein will indicate when the concentra- 
tion of hydroxide ions is detrimentally high around the 
cathode and the acid solution is to be renewed. Before 
the electrodes are polarized, the surface of the gel 
should be coated with a material such as Dow Corning 
silicone fluid, DC 200, to keep evaporation to a 
minimum. 


A variable potential is applied to the electrodes so 
that a constant current flows and the colored ions move 
into the uncolored area. For the model size described, 
this current is about 60 milli-amperes maximum without 
excessive heat. Periodically during the run, the anode 
liquid will require changing because of the introduction 
of the uncomplexed cupric ions as evidenced by a pale 
green color around the anode. The current is held con- 
stant and the time is recorded during the run. Approxi- 
mately 15 minutes running time is required for a study 
at a given mobility ratio. 


RECORDING THE SWEPT AREAS 
The boundary established by the colored ion is quite 
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piain and can be traced with a reasonable degree of 
accuracy. For recording purposes, thin plates of plastic 
larger than the model are cut and the well pattern of 
the model inscribed on it. One surface of the plate is 
roughened with fine steel wool so that pencil marks are 
legible upon it. Periodically during the run, the elec- 
trodes are depolarized and the timer stopped. The trans- 
parent plate is positioned over the well pattern and the 
outline of the colored ion is traced onto the plate. The 
time elapsed is also recorded. The outlines can then be 
transferred onto tracing paper and the surface of the 
plate erased in preparation for another run. 


The swept areas are planimetered and plotted versus 
the coulombs flowed or dimensionless time. These plots 
are differentiated to obtain the per cent fluid produced 
from the unswept region. 


The gelatin model described here has been used to 
study the effect of mobility ratio on several types of 
reservoir problems. Figs. 1 and 2 show seven spot per- 
formance data when the center well is used as the injec- 
tion and producing well, respectively. 

Vertically and horizontally fractured reservoir prob- 
lems have been studied. (See Figs. 3 and 4.) 

Figs. 5 and 6 show the swept area in the event the 
in-situ combustion recovery process is permitted to burn 
a circular radius of 25 per cent-of the well spacing and 
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a fluid injection program is subsequently initiated. ‘The 
mobility ratio shown is that occurring in the unburned 
area. The permeability of the burned region is assumed 
to be very great compared to the unburned region. 
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Other problems studied include fluid requirements for 
pilot water floods, optimum well locations in thin oil 
columns and certain heterogeneous reservoir conditions. 


DIs.c 1O.N 


The data obtained by the gelatin model appear to be 
indicative of reservoir flow phenomena. A discussion of 
the precision of the model at a mobility ratio near one 


may be found elsewhere.”"” Reproducibility of 3 to.5 
per cent appears to be obtainable without undue precau- 
tions. The range of mobility ratio which can be studied 
by the gelatin model may be limited to the range gen- 
erally encountered in practice. 

It is also desired to point out that a stepwise pro- 
cedure using aqueous solutions of different concentra- 
tions may be used, but the technique was not well suited 
for the studies reported here. 
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DISCUSSION 


JOHN P. HELLER 


The authors of this paper are to be commended for 
renewing interest in this method of attacking the large- 
scale problem of fluid displacement in oil and gas reser- 
voirs. In addition to its speed and economy, this method 
has a fundamental advantage over all other potentio- 
metric approaches in that no stepwise approximations 
need be made to the changing field patterns. 

It is unfortunate that none of the workers who have 
utilized this method seem to have analyzed the detailed 
problem of the electrical conductivities in different re- 
gions. Such an analysis must take into account both the 
static and dynamic behavior of the model. 

In any electrolyte, the electrical conductivity is pro- 
portional to the sum, over all ions present, of the prod- 
ucts of ion concentration, valency and the so-called 
“fonic mobility.” The ratio of conductivities of two elec- 
trolytes, which we denote by the subscripts o and w, 
is thus as given by Eq. 1. 


Ow w+ w+ w- w- 


= 1 


o+ 


Here the subscripts + and — denote the cations and an- 
ions respectively. The symbols n, z and u are respec- 
tively the ion concentrations, valences and mobilities. 
If these two electrolytes are utilized in an oilfield model, 
with the w cations representing waterflow and the o 
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cations the oil, we can place the following further re- 
strictions on the variables. To preserve over-all electrical 
neutrality, n, must equaln, z, must 
equal ny Zy_. It will also be necessary to maintain the 
anion concentrations equal on each side of the boun- 
dary, and convenient to use the same anion on each 
side. The ratio of conductivities is then as given in Eq. 2 
(2) 


u- 


Ow 


and the ‘mobility ratio” as used in this paper is the re- 


ciprocal of this, and w- represents the mobility of the 
common anions. 


If we consider the general potential problems at arbi- 
trary mobility ratio, we conclude that except at a finite 
number of sources or sinks (the injection or production 
wells), a modified Laplace equation must hold, as 
shown by Eq. 3. 

> 

Here ¢ is the potential function which is the pressure 
in the oilfield, and o presents the conductivity of the 
medium or the mobility k/y of a fluid moving in a por- 
ous medium. Although in an arbitrary reservoir the per- 


meability varies from place to place, the sand is here 
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assumed to be homogeneous. If the aisplacement of one 
fluid by the other is considered to take place with a 
relatively thin, stabilized front between the two regions 
of the reservoir, then the conductivity of the model is to 
be taken as constant and equal to o, in the region ahead 
of the front, and equal to o, in the entire water- 
encroached region. In this situation Laplace’s equation 
is obeyed in each of the two regions of the model, with 
the special boundary condition along the interface that 
the space derivative of the potential in a direction nor- 
mal to the interface is discontinuous in the manner 
shown in Eq. 4: 


og 


side side 
and that the potential itself is everywhere continuous. 
The mathematical considerations leading to these condi- 
tions are covered more completely than is possible here 
in Muskat’s original paper on the subject, published 21 
years ago’. 

In a model which is to represent the motion of the 
fluids continuously without stepwise approximation, the 
dynamical stability of the line of demarcation between 
the two conductivity regions must also be examined. The 
velocity of an ion under an impressed electrical field is 
equal to the product of the ionic mobility and the 
gradient of the potential. Thus, with fluid flow repre- 
sented by cation migration, the components of the 
cations’ velocity perpendicular to the interface are as 
given in Eq. 5. — 


Vno Uor =) oil 


_ Dividing v,, by vn, and substituting in the special 
boundary condition given above as Eq. 4 cancels out the 
spatial derivatives and gives the ratio of the normal 
velocities as in Eq. 6 


(6) 
Vaw u Oo 


wr 


Inserting the ratio of conductivities o,,/o. from Eq. 2 
gives this ratio of ionic velocities perpendicular to the 
frontal boundary in ionic parameters, as in Eq. 7 


It is apparent that this ratio cannot be equal to one 
unless uv, = u.,, that is for the unit mobility ratio 


model. 

It is not difficult to see in a qualitative way what will 
occur in the model when this velocity ratio differs from— 
one. If the ratio is greater than one, the 0 cations move 
with higher speed than the w cations and so lead to a 
decrease in concentration in the frontal region. If the 
ratio is less than one, the cations representing water 
move more rapidly, and will overtake the cations repre- 
senting oil, and thus lead to an increase in the concen- 
tration in the region of the front. In either case, there 
will be a widening of the actual boundary region, with 
the concentration in this third zone changing with time. 

In the experiments of Crawford and Burton reported 
here, the water was represented by the cupric ammo- 
nium ion, the oil by an assortment of more and less 
mobile cations, and the common anion was the chloride. 
With only one indicating ion, the blue cupric amine, 
the broadening of the frontal region would not be vis- 
ually apparent; but, nevertheless in those cases where 
their mobility ratio o,/o,-Wwas greater than one the 
velocity ratio defined in Eq. 7 was also greater than 
one, and the frontal region expanded and became less 
conductive. This would have tended to diminish the 
normal affect on sweepout pattern of the higher mobil- 
ity of the displaced phase. In the converse situation, 
where their mobility ratio was smaller than one, excess 
concentration would have built up in the frontal region, 
again tending to vitiate the affect of the altered oil-water 
mobility ratio. 

These qualitative considerations suggest that the re- 
sults of Crawford and Burton’s experiments have indi- 
cated too small an effect of mobility ratio variations on 
sweep efficiency. Although no direct comparisons are 
possible, the stepwise potentiometric results that have 
been obtained at Magnolia Field Research Laboratories 
on five-spot units do show a much larger percentage 
change of sweep efficiency with mobility ratio’. 
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AUTHOR’S REPLY TO J. P. HELLER 


The condition shown by Eq. 7 above was presented 
in 1897 by F. W. Kohlrausch as a requirement for 
obtaining sharp boundaries. It is the same as Eq. 36 in 
Glasstone if the subscripts for oil and water are applied.’ 
For many years textbooks in physical chemistry have 
presented this equation and have pointed out that this 
requirement is substantially satisfied automatically on 
application of the current.’ Quoting from Glasstone, mult 
can be deduced theoretically that the Kohlrausch regu- 
lating function for a sharp boundary should be estab- 
lished automatically soon after the passage of current 
commences, and consequently the actual concentration 
of the indicator solutions should be immaterial.” 

The width of the diffusion layer has been measured 
by use of ultra-violet light, refractive index, visual 
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means, etc. Specifically, for the case in which the mobil- 
ity ratio is greater than one, the observed boundaries 
are referred to as “sharp” by other investigators’. Ex- 
tended observations fail to confirm the validity of Eq. 7 
for estimating the width of the diffusion laver 
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GAS SLIPPAGE and PERMEABILITY MEASUREMENTS 


ROBERT K. ESTES* 
PAUL F. FULTON 
MEMBER AIME 


INTRODUCTION 


Relative permeabilities are factual data necessary to 
any prediction of reservoir production behavior. One 
important problem in determining relative permeabilities 
of porous media to gas is the effect of gas slippage on 
these determinations. Since certain aspects of the slip- 
page phenomenon still remain unknown, this study is 
particularly concerned with that problem. 

The validity of the theory of gas slippage as it is 
applied to the flow of gas through porous media has 
been well established. *”* Therefore, in determining the 
permeabilities of porous media to gas by ordinary lab- 
oratory procedure, i.e., at atmospheric pressure, the slip- 
page correction should be considered. Rose’® performed 
experiments on gas relative permeabilities which indi- 
cated that the effect of gas slippage on the measured 
effective gas permeabilities at various liquid saturations 
decreased with an increase in liquid saturation. 


Following Rose, it was substantiated experimentally’ 
that the effective gas permeabilities at the various liquid 
saturations extrapolated to infinite mean pressure were 
the same as the non-wetting liquid permeabilities at the 
same saturations. This same paper also presented data 
which showed that the magnitude of the slippage be- 
tween those values of gas effective permeability deter- 
mined at atmospheric pressure and those found by 
extrapolation to infinite mean pressure decreased with 
an increase in liquid saturation. However, these experi- 
ments were not performed at liquid saturations above 30 
per cent. Therefore, the purpose of this experimental 
work was to determine the effect of gas slippage on per- 
meability measurements at liquid saturations in excess 
of 30 per cent. 


Five core samples were used in this work: two syn- 
thetic Alundum samples (A-1, and A-2), a Nichols Buff 


*“Now serving in Quartermaster Corps, United States Army. 

Original manuseript received in Petroleum Branch office on March 
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1References given-at end of paper. 
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sandstone sample (NB-13), and two samples from pro- 
ducing formations, a Soso sandstone (S-1), and a vugu- 
lar dolomitic limestone (R-7). The core samples ranged 
in permeability from 32 to 663 md. These cores were 
chosen because they represented a fairly wide range of 
permeabilities and probably a considerable difference in 
pore size and pore size distribution. 

Fig. 1 is a schematic diagram of the apparatus which 
consists of an air dehydration filter A, two Moore null- 
matic sub-pressure regulators B and C, the differential 
oil manometer D, the core holder E, the flowmeter F, 
the soap reservoir G, and a mercury manometer H 
measuring the downstream pressure. 

The interesting features of the apparatus are the two 
Moore vacuum-pressure regulators. The regulators per- 
mit the rapid establishment and easy control during flow 
at sub-atmospheric pressures of both the differential and 
downstream pressures, and prevent the surging action of 
the vacuum pump from disturbing the system during 
flow. Provided there are no leaks in the system, these 
regulators will maintain without measurable change 
selected downstream and differential pressure. Specifi- 
cally, regulator B controls the downstream pressure and 
regulator C controls the differential pressure. In opera- 


——> VACUUM 


Fic. 1—-APPARATUS FOR THE DETERMINATION OF GAS 
PERMEABILITY. 
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tion the two regulators should be controlled simultane- 
ously to prevent the oil in the differential manometer 
from being blown through the system. Overflow reser- 
voirs may be placed on each side of the differential 
manometer as safety devices. 

The core holder is of the Hassler type. A pressure of 
110-120 psi was maintained on the rubber sleeve, water 
being kept in the sleeve pressure line to prevent the 
diffusion of the gas through the sleeve. 


The flowmeter has two calibrated pipettes; one of 25 
ml capacity, and the other, 1 ml. By manipulation of 
the upper stopcock, gas flow can be directed through 
either of the pipettes. The pipettes are sealed in an 
evacuated enclosure to minimize the effects of tempera- 
ture changes upon flow rates through the meter. These 
pipettes permit the measurement of flow rates over a 
wide range. During the experimental work, permeabili- 
ties were determined from a fraction of a millidarcy to 
several hundred millidarcys. 


Flow through the system is started by applying a 
differential pressure across the core by means of regula- 
tor C. A soap film can be caused to flow through the 
chosen pipette by manipulation of the two stopcocks 
in the meter. Flow rates which were kept low were 
determined by timing the displacement of this soap film. 


PROCEDURE 


Permeability measurements were first carried out on 
the dry cores. After a core was placed and properly 
seated in the core holder the permeabilities were deter- 
mined at four mean pressures, approximately 74, 36, 23, 
_and 17 cm Hg absolute. Several flow rates and calcu- 
_ dations were made at each mean pressure to insure that 
a condition of equilibrium flow existed. Afterthe spe- 
cific permeability of each core had been determined, 
the cores were saturated with an oil and the effective 
gas permeabilities of each determined at decreasing 
liquid saturation. 


The cores were saturated with Soltrol, an oil which 


TABLE 1—Core A-1 (Synthetic-Alundum) -Length = 3.95 cm Diameter 

= = 2.54 cm Porosity = 24.1 per cent. Z 

Pn Ky Key Keg Keg 

om He ond, nd, md, mde 

fo) 73.64 1.03 430 386° «4429s 100 100 1 
35.68 476 
22.66 3.35 530 
16.65 4.56 581 

1.028 398 367 399 92.8 103.5 
3509 2.12 435 
22.69 473 
16.9 

2163 1.03 326 298.5 325° B16 26.5 7763 75.6 8h 
35.77 2.12 
: 

16.77 

28 73079 1.03 285 260.5 28h 66 1305 
35.8 2.42) 310 
22.8 
16.8 h.52 368 

3901 Theol 1.022 212 198 212.5 6.4 13.5 51.3 19.2 
2.09 226 
3.2h 2he 
17-4 4.36 258" 

u9.8 14022 928" 9.25 12.8 30 29.1 33 
36.4, 2.09 141 
230k 3.2h 155 
174 236 168 

58.5 Theé2 1.02 Weel 16.8 18.7 
36.62 2.07 78 


7908 The 55 1.02 10.21 9.26 10.2 9.2 0.94 2h 2.64 


1 . 
84.2 TheS 1,02 6.68 7425 0.34 1,12 1.09 1.21 
36 


4.3), 5685 
36.3 2.09 1.22 


VUL. 207, 1956 


has an approximate vapor pressure of 1 mm Hg at 
20°C. Because of its low vapor pressure Soltrol was 
used as the saturating liquid, principally to minimize 
changes in liquid saturation of the cores during an 
experiment, and secondly, to reduce the effect the vapor 
molecules of the saturating liquid might have had on 
the mean free path of the flowing gas. The change in 
oil saturation in the cores during a test usually 
amounted to 0.3 to 0.6 per cent. It is believed that the 
larger percentage of this loss was the result of absorp- 
tion of the oil by the rubber sleeve of the core holder. 
Generally, the longer a sleeve could be kept in service, 
the less was the loss in oil saturation during a test. 


The desired saturations were obtained either by allow- 
ing the oil to evaporate slowly from the cores, or more 
frequently by removing the oil in increments with an 
absorbing tissue. The cores were weighed immediately 
before and after each test and the average of these 
saturations was used. J 


The procedure for determining the effective gas per- 
meabilities was the same as that outlined above, except 
that it was necessary to take steps to attain a uniform 
distribution of the saturating liquid. Changes in the 
mean pressure of the system were effected very slowly. 
Before attempting to execute any flow measurements 
the system was allowed to remain at the mean pressure 


‘for the measurement from 15 minutes to an hour, 


depending upon the degree of liquid saturation. In some 
instances, the core samples were placed at the minimum 
pressure used, approximately 17 cm Hg absolute, and 
allowed to remain overnight. The next day the four 
measurements were made with an hour waiting period 
between each. From experience gained in making the 
tests at high liquid saturations, it appeared that an hour 
waiting period was sufficient to insure an equilibrium 
distribution of the oil. Except possibly for those tests 
made at the very highest liquid saturations, it is reason- 
able to expect that the oil distribution in the cores was 


TABLE 2—Core A-2 (Synthetic-Alundum) Length = 4.92 cm Diameter 
= 2. cm Porosity =26.8 per cent. 
P 
55 cm. Hge atm mde md. % md. Kev Koy 
36.1 2.1 ho2 
23.1 3029 461 
10.35 735 295 1263 «29h 3 86 83.2 9642 
3505 2.14 327 
22.5 3.37 364, 
16.53 
20.4 an 1.028 250 22h  2h9 9.97 25 1302 70.5 81.5 
36 2.11 275 
23 343 306 
alt 334 
29085 1,03 200 181 199 9.92 18 59.1 56. 65 
3569 2.12 220 
22.9 3.32 2h2 
16.9 26), 


39015 1,028 150.6 139 150 11 45.5 42.5 


48.35 73.55 106.3 99 10655 7.0 75 30.2 


58.1 1.92) 64.7 59 1963 18.1 21 
36.3 209 69 
2323 3.26 
17.3 ol 80.1 

10.05 73.8 1.03 6.18 7.8 9 
35.28 2.12 30.) 
22.8 3.37 
16.8 4.53 3765 

80 73.9 1.029 9.14 20h8 2.44 2.78 
3549 9.65 
22.9 3.32 
16.9 4.49 

36.2 2.1 6.69 
23.2 3.27 7.8L 
9.2 

36.2 4.63 
2322 3427 5.51 
5.68 

86.79 1.023 2.98 0.818 0.85 1.02 
36.2 3.52 
2342 3.27 4.01 
17.2 4.21 
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35695 2.12 163.3 
22.295 3.32 17765 
) 92 
22.655 3.37 123.5 
16.55 133 
23.62 3.22 83 
36.5h 2.08 1.2 
23.55 3.23 12.4 
23.3 3.26 1.38 
17.3 4.39 1.53 


uniform throughout the tests at any one saturation value. 
The maximum differential pressure used was 3 in. of 
water. 


RESULTS AND DISCUSSION 


The tabulated data obtained on each of the five cores, 
A-1, A-2, S-1, NB-13, and R-7, are presented in Tables 
1, 2, 3, 4, and 5, respectively. 


THE KLINKENBERG PLOT 


Fig. 2, a plot of K, at various oil saturations vs Wes 
as obtained from the data in Table 3, is typical of the 
Klinkenberg plots obtained for all the cores tested. 

Such plots show that a given core sample is charac- 
terized by a family of Klinkenberg curves. It will be 
observed that the slope of the linear function decreases 
with an increase in oil saturation. This change in slope, 
however, does not quantitatively describe the percentage 
change in slippage with a change in liquid saturation. 
The slope of the Klinkenberg equation 


b 
K, = «(1 


is bK,; while by definition b/P,, is the fractional slip- 
page correction applied to the liquid permeability (K,) 
to obtain the gas permeability (K,) at a given mean 
pressure. For the slope of the plot to describe quanti- 
tatively the slippage correction, K, must either remain 
constant throughout all liquid saturations, which cannot 
be true, or be equal to 1/P,,, which can occur but once 
for each sample. In other words, K, would have to be 
plotted in dimensionless units. 

For all of the natural cores a plot with a reversed 
slope was obtained at oil saturations in the vicinity of 
65-75 per cent liquid satufation. (Fig. 2) This reversal 
of slope probably results from experimental difficulties 
at this higher saturation. In applying a reduced pressure 
to such a system, it is believed virtually impossible to 
maintain a constant distribution of the oil in the cores 
during the changes in mean pressure. As was noted 
previously the usual change in oil saturation during a 
test amounted to 0.3 to 0.6 per cent. It follows that at 
saturations in this region a slight change in liquid sat- 
uration might exert a considerable modification on the 
effective permeability. An analogous effect to that of a 


TABLE 3—Core S-1 (Soso Sandstone) Length = .581 cm Diameter 
= 2.54 cm Porosity = 14.1 per cent. 


ay) Ka Kea Cc 
cme Hge atm md. md. md, 2 md Key Kga/Ksa Kga/K,y 
73.9 1.028 133 122.5132.7 7.7 10.2 100 100 
3569 2.12 145 
22.8 3.32 156 
303 1.0 131.5 121 131 7.6510 98.6 10 
22.3 3h 155 
167.5 
9 9545 95 103 
2242 148 
4.69 160 
36 1.03 116 «106 7483 9 86 
35.8 2612 5 86.8 9368 
22.8 13h 
145 
74.17 1.02 89.3 83 89 6.75 6 67. 
36.17 2.10 96.6 
23.17 3.28 103.5 
23.17 3.28 62.5 
17.17 43 66.5 
Shed 7h.U7 1.021 39 37.2 39 4.61 1.8 30.4 29.4 31.8 


66.8 7he5 1.02 12.2 ~ 11.2512.5 8 902 10.2 


11.7 an 1.026 8.09 11.25 8.25 36.4 - 
: 5 5 36.4 -3 6.2 6673 
23475 302 1.46 
17.75 4.28 
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change in liquid saturation may have occurred. As the 
pressure was reduced any air in the saturating liquid 
may have begun to come out of solution. This evolved 
air in the form of minute, discrete bubbles would not 
have been of sufficient volume either to cause a flow of 
the Soltrol from the core sample, or to contribute appre- 
ciably to the gas flow. However, it would have been 
able to force the oil from the pores completely satu- 
rated with oil into those which were partially open, 
thereby reducing the size of those pores through which 
the flow of gas was occurring, and changing the distri- 
bution of the liquid in the pores with each change in 
mean pressure. It may be that each of the four points 
represents a point on a separate Klinkenberg p!ot. 

A reversed slope plot was obtained on the limestone 
core at oil saturations between saturations at which 
normal plots were obtained. It is postulated that the 
limestone probably represents a system of heterogene- 
ous pores only partially connected by cross channels. 
The larger pores control the flow down to an oil satura- 
tion of approximately 65 per cent, where the flow 
behavior is sufficiently influenced, as described above, 
to give the reversed slope plot as flow begins in the 
smaller pores. No reversed slope plots were obtained for 
Cores A-1 and A-2. It is believed that all data on these 
cores were obtained at saturations where steady-state 
flow existed. It will be noted that data for Klinkenberg 
plots were obtained on these cores at oil saturations as 
high as 86 to 88 per cent. The pores in these cores are 
thought to be comparatively uniform in size and distri- 
bution, thereby limiting unsteady flow conditions to a 
narrow range of oil saturations, probably 1 to 2 
per cent. 


THE SLIP CORRECTION 

Fig. 3 is a plot of C, the slip correction, vs S,, the 
oil saturation, for Core S-1. This correction is shown as 
a percentage of the effective permeability at one atmos- 
phere pressure, since in the laboratory gas permeability 
is normally determined at atmospheric pressure. A nu- 
merical average of the per cent slippage at the various 
oil saturations, except that calculated for the reversed 
slope plot, was taken and plotted as a horizontal line, 
since a straight line plot seems to fit the data best. Sim- 
ilar plots on the other cores show that for all five cores 


TABLE 4—Core NB-13 (Nichols Buff Sandstone) Length = 3.94 cm Diameter 
= 2.53 cm Porosity = 22 per cent. 


Ke Kea c rg 
So cm. Hge ata md. md. Md. md. Koa/Ksa 
1,021 700 37 100 100 106 
31.4 2.09 
23.4 3.2h 780 
17.4 4.36 82h 
9-5  Theld 1.025 681 640 679 39 96.5 97 102 
3661 2.10 720 
23.1 3229 163 
17.1 810 
20.85 Thel7 1.023 656 615 655 6.1 ko 92.8 9325 98.8 
36.17 2.10 697 


27.8 The 1.024 603 515 602° SS 86.7 86 
36.2 2.10 632 
23.2 3.28 665 

0.15 7h.2 1.02! 3h 328 2 
36.24 2.10 366 
23.24 3427 386 
17.2h 

1.02) 205 196 205 heb 9 29.6 2963) 
36.2 2.10 22) 
23.2 3.28 22h 

2232 

23.26 3.26 

7 1.028 70.5 6 70.5 3.55 2.5 10.2 
23 303 16.9 

67 
3: 5 32.4 LO -12.6 6.8 
36.8 2.065 19.05 
23.8 3.2 
17.8 4e26 
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36.5 2.08 13.34 


there is also a fairly constant slippage. These results 
substantiate the data of Fulton‘ for the range of liquid 
saturations he used, and to a lesser extent those of 
Rose,’ inasmuch as the results of all present a condition 
which is apparently not in agreement with the mathe- 
matical relation that 5 varies inversely with r. How- 
ever, the data as presented here show a less variance 
from that relation than do those of Fulton and Rose. 
It appears that r, and therefore b, remain fairly constant 
throughout the range of liquid saturations up to the 
region of the gas equilibrium saturations. Rose’ ex- 
plained that when a condition of gas equilibrium satura- 
tion exists within the core, gas will begin to flow through 
the larger pores, and as the relative permeability to gas 
increases, through a decrease in liquid saturation, an 
increasing number of the smaller pores will be occupied 
by the gas. Therefore, the average effective radius de- 
creases with a decrease in liquid saturation. It appears 
logical that the average effective radius can just as well 
remain constant at all oil saturations except the very 
high ones, where it seems there should be a marked 
decrease in the average effective radius, as the results 
indicate. 


THE GAs RELATIVE PERMEABILITY CURVES 


Fig. 4 is a graph of K,, vs S, for Core S-1. 

Curve 1 in the figure is the plot of K,, vs S, where 
the values of K,, are equal to the extrapolated effective 
permeabilities divided by the extrapolated specific per- 
meability expressed in per cent. Curve 1, therefore, 
represents the gas relative permeability function existing 
in the reservoir. Curve 2 is the plot K,, vs S, where the 
values of K,, are equal to the values of effective gas 
permeabilities at one atmosphere pressure divided by 
the specific permeability at one atmosphere expressed in 
per cent. It will be observed that Curve 2 closely ap- 
proximates Curve 1. An important implication, then, is 
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that the gas relative permeability curve is independent 
of the mean pressure used, provided the effective and 
specific permeabilities are determined at the same mean 
pressure. These results well substantiate the work of 
Rose® wherein a comprehensive theoretical discussion, 
supported by some experimental data, offers proof of 
the above implication. It follows that for a considerable 
range of porous media the gas relative permeability 
function determined at atmospheric pressure should 
quite accurately describe the gas relative permeability 
behavior in the reservoir. For determining the absolute 
values of these permeabilities only the Klinkenberg plot 
at Zero liquid saturation need be obtained. 

The data as obtained from the Klinkenberg plot 
showing the reversed slope were not used in plotting the 
relative permeability curves. Had these data been used 
the curves for the natural cores would have shown a 
flexure, concave toward the ordinate axis, through an 
oil saturation range of approximately 60 to 80 per cent. 
Since considerable discussion concerning this phenome- 
non was offered in Section A, further conjecture is not 
given here. 

Curve 3 on this same graph is the plot of K,, vs S, 
where the values of K,, are equal to the values of effec- 
tive permeabilities at one atmosphere pressure divided 
by the extrapolated specific permeability expressed in 
per cent. An inspection of the graphs will show a con- 
siderable deviation between Curve 3 and Curves 1 and 2. 
Therefore, gas relative permeability curves determined 
in this manner present a picture considerably in error 
in relation to the true relative permeability behavior in 


TABLE 5—Core R-7 (Limestone) Length = 4.01 cm Diameter = 2.54 cm 
Porosity = 12.2 per cent. 


Pa Koy Kea Cc Kg 
8, cm. Hge atm od. md. mde mds 
() Thel 1.025 36.2 32.4 36.15 10.4 3.75 100 190 lu 
36.1 2.12 
23.1 3.29 44.8 
171 
20 T3902 1.038 34.6 3005 34.5 95.6 106 
3502 2.16 39 
22.2 3042 4309 
16.2 4.69 
28635 73.8 1503 130.8" 26.3 3002 12.9 3.9 83.7 93.2 
36.8 2.12 “3he5 
22.8 
15.8 
1.026 23.2 21.3 23.1 7.8 1.8 65.8 64 71.3 
36.17 2.10 25.4 
23.17 
1295 
49.5 ~ Thel7 1.026 16.2 15.4 16.2 4.95 .8 47.5 4s 50 
36.17 2510 «1762 
23.17 
43 
36.47 2.08 13.75 
23647 
3 
36.4 2.09 6.25 
23.4 
17-! 4.3 1. 
36.1 2,10 1.198 
22.1 
20 
80.25 1.027 0.12 0.305 64 0.195 0.34 0.845 
36.1 2.10 
23.1 3.30 751 
17.1 4.45 1.018 
BAL 


120 

110 

100 

90 


° 10 20 30 40 s0 60 70 80 90 100 


(%) 
Fic. 4—Core S-1. K,, vs S (PER CENT). 
1. Krg = Kei/Ks1 


2. Krg = Kea/Ksa 
3. Krg = Kea/Ks1 


the reservoir, particularly at liquid saturations from 0 to 
50 per cent. 


CONCLUSIONS 


Permeability measurements were carried out on five 
cores, two synthetic Alundum samples, two sandstone 
samples, and one limestone sample. Each core is char- 
acterized by a family of Klinkenberg plots, which show 
a decrease in slope with an increase in liquid saturation. 
The authors conclude that this condition is in agree- 
ment with the concept that b varies inversely as r, since 
the slope (bK,) of the Klinkenberg plot is primarily 
influenced by a change in K,, with an increase in liquid 
saturation, rather than by a change in b. For each nat- 
ural core sample, reversed slope Klinkenberg plots were 
obtained at higher liquid saturations. This was attributed 
to experimental difficulties, but conceivably it could 
have some association with the equilibrium gas satura- 
tion. Further investigation should establish the true sig- 
nificance of the reversed slope plot, and its effect upon 
permeability determinations. 

On the basis of the data presented, it is also con- 
cluded that in porous media having a considerable 
range of permeability, pore size, and pore size distribu- 
tion, the slip correction is roughly constant at all liquid 
saturations in the region of steady-state gas flow, and 
that the gas relative permeability function is independ- 
ent of the mean pressure, provided the effective and spe- 
cific permeabilities are determined at the same mean 
pressure. 
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APPENDIX 


NOMENCLATURE 


K, = the apparent gas permeability determined at a 
given mean pressure, the values of which were 
used to plot the linear function K, vs WP 

K, = the true, or liquid permeability. 

K., = the gas effective permeability at each liquid sat- 


uration determined by extrapolation of the val- 
ues of K, to infinite mean pressure, and is equal 
to K, at each saturation. 

K., = the specific permeability determined by extrapo- 
lation of the K, values to infinite mean pressure. 
At zero liquid saturation K.. = Ke = Ks. 

K, = a general term for the permeabilities taken at 
one atmosphere pressure from the plot of K, vs 
L/P 

K., = the effective permeability at each liquid satura- 
tion at a pressure of one atmosphere taken 
from the plots of K, vs 1/Pn. 

K., = the specific permeability at one atmosphere pres- 

sure taken from the plot K, vs 1/P,. At zero 

liquid saturation K,. = Kea. 

the relative permeability which is equal to the 

effective permeability divided by the specific 

permeability times 100. 

the mean pressure. 

the oil saturation expressed as a per cent of the 

pore volume. 

C = the slippage correction expressed in per cent: 

K 100. 

b = the Klinkenberg constant which is dependent 
upon the mean free path of the flowing gas and 
varies inversely as the average radius of the cap- 
illaries. 

r = the average radius of the capillaries. 
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A CENTRIFUGE CORE CLEANER 


FRANCIS R. CONLEY 
DAVID B. BURROWS 
MEMBERS AIME 


EN TION 


A prerequisite to the evaluation and management of 
oil properties is accurate information derived from the 
analysis of core samples; but reliable data, such as poros- 


__ity and permeability, can result only if all oil and water 


have been removed from the core samples analyzed. 
The most common methcd of core cleaning used to date 
has been Soxhlet extraction—a somewhat static tech- 
nique, which depends upon the slow diffusion of hot 
solvent through the core sample. Soxhlet extraction per- 
forms satisfactorily only with highly permeable samples 
and at best requires long cleaning periods. 

The centrifuge method was developed in 1951 by 
Continental Oil Co. to overcome the inefficiencies inher- 
ent in the Soxhlet method. The new method is basically 
an operation in which hot solvents are caused to flow 
through the samples under the influence of centrifugal 
force. 

The centrifuge unit has proved so successful that 
samples which formerly required days for partial extrac- 
tion can now be completely cleaned in approximately 
one hour. a 

The original idea was conceived in 1950 by Elmer S. 
Messer, whose early experiments consisted of flowing 
solvent over sandstone samples suspended in a revolving 
basket and driven by a vertically mounted vacuum 
cleaner motor. Results were so outstanding that more 
permanent units were constructed. 

A modified model using this basic design was recently 
built by Core Laboratories, Inc., and is now used regu- 
larly in their operations. 


DES 1GN 


Fig. 1 shows a photograph of the two extractors rou- 
tinely used to clean small core plugs in the Production 
Research Div. of Continental Oil Co.’s Ponca City lab- 
oratories. For illustrative purposes, the basket from one 
of the units has been removed, and because both extrac- 
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tors are of identical design only one is described in the 
following discussion. Each extractor unit consists of a 
centrifuge and a solvent still. 

The core basket of the centrifuge is made of mild cold 
rolled steel 7/2 in. in diameter and 1% in. deep. The 
basket holds 18 1-in. samples (cubical or cylindrical) 
and is attached directly to a cone fitted to the shaft of 
the motor. Both the outer rim and the hollow hub of the 
basket contain perforations for the passage of solvent 
and extract. The solvent is delivered to the perforations 
by means of a copper tube inserted into the hollow hub. 

The motor is a vertical tool post grinder motor; 
(115 v, 5.6 amp, 0-60 cycles, AC-DC, rated at 1/3 hp). 
It has a rated speed of 10,000 rpm under full load and 
15,000 rpm with no load. Variation of speed is obtained 
by the use of a variable transformer. 

The solvent still was constructed from one end of a 
stainless steel oxygen bottle by inserting a heating ele- 
ment, sight glass, and piping as shown on the schematic 
diagram, Fig. 2. The heater used was a three-position, 
1,000 w, 115-v, immersion type. Intermittent flow of 
solvent to the centrifuge is obtained by means of a 
siphon bottle inserted between the condenser and the 
centrifuge. 


¥ 
Fic. 1—A Duat Unir CENTRIFUGE CLEANER FOR 
Porous MATERIALS. 
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A felt pad is inserted into the outer edge of the 
sample basket; the cores are placed against this pad and 
distributed symmetrically around the circumference of 
the basket. This pad offers a continuous passage of 
solvent and extract away from the core face, thus pre- 
venting a liquid build up at this point. When the cores 
have been positioned in the basket, the centrifuge cover 
is locked in place, power is applied to the entire unit 
(including the still heater), and the centrifuge is slowly 
brought to speed by means of the variable transformer. 
The maximum operating speed on the present unit is 
5,500 rpm. Hot solvent is allowed to flow by gravity 
from the condenser above the still to the siphon bottle, 
Fig. 2. After the liquid level in the siphon bottle exceeds 
the height of the siphon tube, solvent flows to the inlet 
ports in the hub of the sample basket and from there to 
the samples. Solvent striking the face of the core sample 
is forced through the sample by centrifugal torce and 
emerges with the dissolved oil from the opposite face. 
This extract is returned to the still through a glass obser- 
vation cell which permits visual observation of the ex- 
traction process. The solvent used is chloroform which 
has the advantage over most hydrocarbon solvents in 
that it is not explosive and has less tendency to alter 
the surface wettability characteristics of the samples. 
Toluene or other solvents can be used. 


RESULTS 


The efficiency of the centrifuge for removing oil from 
the porous media is compared to that of the Soxhlet in 
Fig. 3. The same set of samples saturated with the same 
40 gravity oil was used in both tests. Porosity of the 
samples varied from 18 to 23 per cent, and permeability 
ranged from 11 to 62 md. It is interesting to note that 
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after approximately 20 minutes, the centrifuge had re- 
moved 100 per cent of the oil, while the Soxhlet had 
removed only 20 per cent. After 41 hours, the Soxhlet 
had removed about 83 per cent of the oil, after which 
the samples were transferred to the centrifuge where a 
run of 30 minutes removed the remaining portion of the 
oil. Similar tests were performed, using several crudes 
on cores having a wide range of permeability and vari- 
ous degrees of consolidation. The results showed that 
even with cores of low permeability saturated with the 
more difficultly removable oils, less than two hours in 
the centrifuge cleaner were sufficient for the complete 
extraction of the oil. 


CON CLUSTONS 


The units described herein have been in continuous 
operation for approximately five years with no major 
difficulties. Twenty to 30 minutes extraction time is suffi- 
cient for cleaning most core samples; longer cleaning 
periods will not damage any but the most friable sam- 
ples. Soft or friable plugs can also be successfully 
cleaned if care is exercised and the unit is operated at 
somewhat lower speeds. 

It is believed that this type of unit is the most rapid 
and efficient device available to the industry for cleaning 
samples of porous material. 
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TECHNICAL NOTE 


PREDICTION of OIL RECOVERY by WATER FLOOD — A SIMPLIFIED 
GRAPHICAL TREATMENT of the DYKSTRA-PARSONS METHOD 


CARL E. JOHNSON, JR. 


INTRODUCTION 


A method for predicting water- 
flood oil recovery was reported by 
H. Dykstra and R. L. Parsons’ in 
1950. It is now generally known 

—~as the Dykstra-Parsons method and 
is widely used by petroleum engi- 
neers. 

The method is semiempirical and 
consists of a correlation of four 
fundamental variables. These are: V, 

_-vertical permeability variation; a, 
mobility ratio; S,, initial water sat- 
uration; and R, fractional recovery 
of oil in place at a given producing 
water-oil ratio. The correlation ex- 
tends over a wide range in each of 
these variables, and may be applied 

to all formations with initial oil sat- 
urations of 45 per cent or greater. 


The method of calculation origin- 
ally outlined by Dykstra and Parsons 
closely follows their derivation. And 
this is a convenient way of illustrat- 
ing the development of some rather 
complicated ideas. However, in ac- 
tual use it is more cumbersome than 
necessary. The purpose of this note, 
therefore, is to provide a simplified 


method for making Dykstra-Parsons 


predictions. 


A SIMPLIFIED GRAPHICAL 
SOLUTION 


The correlation between V, a, Sy, 
and R, corresponding to a given pro- 
ducing water-oil ratio, can be shown 
on a single graph. This is best done 
by plotting V against a to show lines 
of constant R(1 — S, . WOR’). 
Figs. 1, 2, 3, and 4 show these plots 
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for water-oil ratios (WOR) of 1, 5, 
25, and 100, respectively. In each 
figure WOR” has been reduced to 
its numerical value. 

Use of the figures requires assign- 
ment of definite values to V, a, and 
S,. Both V and S, can be obtained 
from core analysis data.” The mobil- 
ity ratio, a, depends upon four sub- 
sidiary variables. It is given by the 
expression: 


where ». and wy are the viscosities 
of the oil and the flood water under 
reservoir conditions, k,. is the rela- 
tive permeability to water in the res- 
ervoir when only water is flowing, 
and k,, is the relative permeability 
to oil when only oil is flowing. Meas- 
urement of the two viscosities is sel- 
dom a problem. And the two relative 
permeabilities can be measured ex- 
perimentally or estimated from the 
data of Leverett and Lewis’ for un- 
consolidated sand packs. 


To find R the appropriate figure 
is entered at V and a. For example, 
suppose we wish to predict the frac- 
tional oil recovery when the pro- 
ducing water-oil ratio reaches five. 
Fig. 2, which shows the correlation 
at a water-oil ratio of five, must be 
used. Suppose V and a@ are 0.50 and 
2.0, respectively. Enter Fig. 2 at 
these values. The point of intersec- 
tion shows that R(1 — 0.72 S,,) is 
0.25. If the water saturation, S,, at 
the beginning of the flood is 21 per 
cent (0.21), then R is found to be 
0.29. This means that 29 per cent 
of the oil in place will have been re- 
covered when the producing water- 
oil ratio reaches five. 


The R value obtained above ap- 
plies to a linear flood. When deal- 
ing with pattern floods, R must be 
multiplied by a correction factor 
which takes into account the fact 
the areal sweep efficiency of the pat- 
tern is less than one. Furthermore, 
to convert R to barrels of oil recov- 
ered, the volume of oil in place must 
be known. If this number is ex- 
pressed in stock tank barrels, then its 
product with R will be the recovery 
in stock tank barrels. 
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TECHNICAL NOTE 3/74 


MATERIAL BALANCE above the BUBBLE POINT 


G. D. HOBSON 
1. MROSOVSKY 


Material balance relationships for expansion-type res- 
ervoirs above the bubble point have been discussed in 


recent years by H. N. Hall’ and M. F. Hawkins, Jr.’ 


The former drew attention to the effects of rock com- 
pressibility, and the latter to the effects of the compressi- 
bility of any interstitial water. Hawkins derived a gen- 
~€ral relationship which took note of oil, water and rock 
compressibilities, and then by assuming first, the absence 
of interstitial water and secondly, no effects due to inter- 
stitial water or rock compressibility, obtained relation- 
ships symbolically of the same form as those previously 
derived directly by Hall. = 

Hawkins defined his terms clearly, and noted an 
approximation, due to the omission of a term involving 
the product of two compressibilities, made in reaching 
his final equation. There is, however, possible ambiguity 
with regard to Hall’s written definition of the oil pro- 
duction term. One interpretation would mean that the 
produced oil and initial oil-in-place, if both required as 
stock tank barrels, would be obtained by using different 
formation volume factors in the conversion in order to 
satisfy the conditions implicit in Hall’s formulae. The 
other would involve an approximation which, if used, 
was not stated. In both Hall’s and Hawkins’ studies the 
effect of the approximation or inconsistency is very 
slight. Nevertheless, it may be justifiable to give a some- 
what more consistent derivation, since the complexity of 
the final relationships is not thereby greatly increased. 

Let the initial pore-volume be V, and the volume after 
a pressure drop of Ap, V. Then V = V; (1 — Ap.cr), 
where c; is the rock compressibility expressed as change 
in pore volume/unit pore volume/unit pressure change, 
and is defined with the initial pressure as base. 

Suppose that the interstitial water saturation under 
the initial conditions is S,. The total volume of inter- 
stitial water under those conditions will be V\S,. If the 
volume of the water after dropping the pressure by Ap 
is V,,, this will be given by V,, = ViS, (1 + Ap.cw), 
the compressibility of the water being c,, which is ex- 
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pressed using the volume at the initial pressure as base. 

If B,, is the reservoir volume factor of the crude oil 
for the initial reservoir conditions, and B, the equivalent 
factor when the pressure has dropped by Ap, with N 
the initial amount of oil expressed as stock tank barrels, 

N.Bui = Vi — ViSw 

If n is the amount of oil produced (in terms of stock 
tank barrels) as a result of the pressure drop Ap, the 
remaining subsurface volume of oil at the lower pres- 
sure will be 


(N n)B, — V; Gl AD.Cr) Ap.Gy)- 


Consequently, 
(N — n)B, _ Vi — Apcr) — Sw + Ap.cw)] 
N.B,, 


B, and B,, can be related to the compressibility of oil 
and the pressure drop, and if c, is the compressibility 
factor based on the initial conditions, 
18%, 
Thus 
Rearranging to segregate N gives 


= 1 
The relationship derived by Hawkins was 


Ap les (Cy = 
the compressibility of the oil, c’, being related in this 
case to a standard at the lower pressure, while a term 
(Ap)*(c.'¢: + Co'CwSw) had been dropped, because of 
its smallness arising from its dependence on the prod- 
ucts of two compressibility factors. 

When there is no interstitial water and rock compres- 
sibility can be ignored, Eq. 1 reduces to: 
Ma 


Ne (3) 
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and Eq. 2 to: 


n 
AP.Co 
When interstitial water is ignored, but account is taken 
of rock and oil compressibilities, Eq. 1 reduces to: 


Ail 
Ap (¢o + (>) 
and Rq. 2 to: 


Ap 

If Ap is 500 psi and c, is 10X 
and the factor of 1 + Ap.c, leads to a difference of 
about 0.5 per cent between the members of each of the 
three pairs of relationships, according as the relationship 
is derived rigidly or with the approximation mentioned 
above. 

The relationships given by Hall look like Eqs. 4 and 6, 
but in them the oil compressibility factor is presumably 
based on the original pressure. 

In the case of no rock and no water compressibilities, 
the subsurface volume represented by N will be N.B.:, 
and when the pressure is dropped by Ap the volume 
will be N.B,:(1 + Ap.c.), co being based on a standard 
at the initial pressure. The expansion due to the pres- 
sure change is N.B,:Ap.c., and this is the volume of oil 
produced, measured at the lower pressure. It is equiva- 
lent to n in Hall’s formulae, taking the more likely of 
the two alternatives mentioned previously. This volume 

Baie 


when converted to the initial pressure will be ————.. 
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Hence if the volumes of produced oil and of the oil 
originally in place are measured under the same condi- 


ni , whereas when the former 

is measured at the lower pressure and the latter at the 
initial pressure the ratio is Ap.c.. 

The parallelism between the forms of these two ratios 
and those of comparable ratios derived from Eqs. 3 and 
4 is evident. 

Alternatively, it may be noted that 

B, 1 

Be Ape, 
c,' being the compressibility defined, as mentioned ear- 
lier, relative to a standard at the lower pressure. 

Consequently 


tions their ratio is 


Co 

1 +~Ap.co 

The various final equations given by Hall and Hawk- 
ins are linear relationships between n and Ap, when 
water compressibility is ignored, provided that the com- 
pressibilities are assumed to be constant. The slightly 
more complex relationships now derived are not linear 
relationships between these two quantities, but they do 
not depart markedly from linearity unless Ap is very 
large. 
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TECHNICAL NOTE O75 


THREE-PHASE RELATIVE PERMEABILITY 


The results of three-phase relative 
permeability tests on nine water-wet 
consolidated Berea sandstone samples 
—are presented as composite ternary 
diagrams showing isoperms of oil, 
water and gas. Capillary pressure 
control was exercised over the flow 
of gas and oil in the presence of 
water. The water saturations ranged 
from 17 to 71 per cent pore volume. 

A method of calculating both the 
oil and water permeabilities of a 
three-phase system from the easily 
measured gas relative permeability is 
presented. 


EXPERIMENTAL PROCEDURE 
AND RESULTS 


A renewed interest has been shown 
in three-phase relative permeability 
as a result of recent developments in- 
volving underground combustion pro- 
cesses, steam injection, and other 
multiphase displacement processes. 
The experiments and results described 
here involved simultaneous flow of 
oil and gas in consolidated Berea 
sand with brine present as the wet- 
ting phase. 

Gas and oil relative permeabilities 
were measured on nine cores with 
CaCl, brine present as the wetting 
phase in saturations ranging from 17 
to 71 per cent. The average residual 
liquid saturation of the cores was 
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approximately 20 per cent. In or- 
der to make certain that brine was 
the wetting phase, the test cores were 
saturated with brine before contact 
with hydrocarbons. As an added pre- 
caution to avoid having oil displace 
brine from the wetting position as 
a result of changing wettability, each 
core was only used twice, i.e., first 
with a fixed percentage of brine and 
then for a gas-oil permeability deter- 
mination with no brine present. The 
results, therefore, are presented as 
composite ternary diagrams repre- 


senting the flow tests on nine indi- 


vidual cores having very similar prop- 
erties. All tests were made using a 
modification of the capillary pres- 
sure technique described elsewhere’’. 

The effective oil permeability was 
measured before gas was introduced 
using a very small pressure gradient 
(a few centimeters of oil). This de- 
termination was made without selec- 
tively wet barriers in contact with 
the core. The cores were then placed 
between capillary barriers and gas-oil 
relative permeability curves obtained. 
The capillary barriers had been made 
water repellent with a silicone treat- 
ment. 

In determining gas-oil-water rela- 
tive permeability in this fashion, con- 
trol was exercised over the capillary 
pressure existing between the gas 
and oil. No control was exercised 
over the pressure difference exist- 
ing between the oil and water. Al- 
though an equal pressure gradient 


1References given at end of paper. 
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was applied to the gas and the oil 
phases, this pressure gradient does 
not exist in the water phase. Since 
the pressure gradient across the core 
was always much less than the dis- 
placement pressure of the fully satur- 
ated core, the pressure gradient can 
have caused only a very slight distor- 
tion of the oil-water interfaces. ‘This 
slight distortion of the oil-water inter- 
faces had a negligible effect on the 
validity of the oil permeabilities meas- 
ured. The oil permeability, measured 
in the presence of water but with no 
gas present, was in every case equal, 
within experimental error, to the gas 
permeability of the gas-oil system 
when the oil saturation was the same 
as that of the water. 

Gas and oil relative permeabilities 
were plotted as a function of total 
liquid saturation. It was found that 
the gas relative permeability curves 
obtained on cores with brine present 
were identical with those obtained on 
the same cores with no brine present. 
The denominator for calculating oil 
relative permeabilities was the per- 
meability found by extrapolation to 
infinite mean pressure (a la Klinken- 
berg). 

Fig. 1 illustrates gas-oil relative 
permeability results obtained on a 
typical core. The solid permeability 
curves represent the experimental 
data. The dashed oil relative permea- 
bility curve was calculated using the 


relationship; 
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Eq. 1 was derived in the follow- 
ing manner to give k,, directly for 
the three-phase system in terms of 
the saturations. However, it assumes 
that the gas-oil capillary pressure 
curve for a three-phase system may 
be approximated by the relation: 

1 = Sty) for 


Po for Sy < 

This is illustrated in Fig. 2. St, 
refers to the residual liquid satura- 
tion left in the pore space, which 
contributes negligibly to the per- 
meability, and is considered numer- 
ically equal to S,, for a two-phase 
(oil-gas) system; S,, and S;, are the 
water and total liquid saturations, 
respectively. 

A substitution by Corey* of Bur- 
dine’s’ tortuosity in the equations of 
Wyllie and Spangler’ leads to the fol- 
lowing equation for oil relative per- 
meability: 


Pe 


NOTES 
9 Cg IS A SCALING FACTOR 


Aq (S,-Sy) 
(2) = (Sw+S, 


A 
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80 90 100 


considers that only pores not filled 
with water can be filled with oil or 
gas. It assumes that the water is 
present in two positions: completely 
filling small pores and as pendular 
rings in the interstices of larger pores. 
As a corollary to this assumption it 
follows that when gas displaces oil 
from pores containing residual water, 
the oil will be displaced completely 
except for a remanent film. This as- 
sumption is reflected in the tortuosity 
term of the equation. Its validity is 
supported by the precision with which 
calculations based on the equation 
match the experimental data. 

The ratio of integrals in Eq. 4 
can be evaluated from the ratio of 
the areas as seen in Fig. 2. This ra- 
tio simplifies to: 


jou 


Here oil was the wetting phase in a 
gas-oil system. Applied to the three- 
phase systems employed here, this 
equation should be modified to: 


Eq. 4 is analogous to Eq. 3 but 
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dS,,/P 
0 


Substituting Eq. 5 in Eq. 4 gives 

Fig. 3 shows the gas-oil curves 
obtained on the same core with no 
brine present. The residual oil satur- 
ation is 19 per cent, as determined 
from the gas relative permeability 
curve by a procedure outlined pre- 
viously by Corey’. Briefly, values of 
ew corresponding to measured val- 
ues of k,, and S,, are obtained by 
using the approximation: 
and are plotted as a function of S.. 
Extrapolation of this line to eta) 
gives S,,, which in turn is used to ob- 
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tain values of oil relative permeabil- 
ity from the relationship, 

Isoperms were plotted on trilinear 
paper, as shown in Figs. 4, 5 and 6. 
The oil isoperms exhibit a marked 
curvature, as shown in Fig. 4. An 
increase in oil permeability for a 
given oil saturation occurs when the 
water saturation is increased at the 
expense of gas saturation. This ef- 
fect is most pronounced in the region 
of low water saturations. 

Since no water relative permeabil- 
ities were measured in this experi- 
ment, the water isoperms (Fig. 5) 
were calculated by making two as- 
sumptions: (1) water permeability is 
dependent on water saturation only 
[as found by Leverett and Lewis*] and 
(2) water permeability in a water- 
wet system is the same as the oil 
permeability in an oil-wet (oil-gas) 
system. It may be well to emphasize 
that the curves of Figs. 4, 5, and 6 
normally apply to an oil drainage 
history where oil is replaced by gas 
and that the water isoperms are sub- 
ject to the two limiting assumptions 
noted above. However, if these two 
limiting assumptions are satisfied, as 
the water saturation is increased the 
oil permeability for a given satura- 
tion will increase since the oil must 
of necessity occupy larger pores. 


100% GAS 


BEREA SANDSTONE 


———— CALCULATES 
EXPERIMENTAL 


100% WATER 100% OIL 
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Two of the cores had gas relative 
permeability curves which differed 
from those of all other cores, par- 
ticularly in the high liquid saturation 
region. Therefore, data from these 
cores were not used in constructing 
the gas isoperms (Fig. 6). For the 
gas relative permeability at zero 
water saturation, the arithmetic mean 
of the data for all cores was taken. 
The scatter in the data through which 
the gas isoperms are drawn un- 
doubtedly reflects the result of using 
several different cores to represent 
one medium. It has been repeatedly 
observed that the gas (nonwetting 
phase) flow behavior is much more 


sensitive to changes in pore geometry 


than is the response of the wetting 
phase. 

The results of these tests compare 
surprisingly well with the data of 
Leverett and Lewis* secured by flow- 
ing through an unconsolidated sand 
pack. As anticipated from theoretical 
consideration the curvature of the oil 
isoperms in regions of low water 
saturation is considerably greater for 
the consolidated core data. In con- 
solidated cores, as shown by Fig. 2, 
the plot 1/P.” vs S, approximates a 
triangle, while for unconsolidated 
cores of more uniform pore size the 
plot approximates a rectangle [cf. 
Wyllie and Spangler’]. Thus in a 
water-wet system, as oil is displaced 
by water, the oil moves into larger 
pores at the expense of gas, the lat- 
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ter being displaced from the system. 
Since the oil permeability depends 
upon the ratio 


Sy, 1 
Jas L/P. Jas, 


the increase in permeability is greater 
for a triangular than a rectangular 
schematically in Fig. 7. However, the 
tendency of the Leverett-Lewis oil 
curve to parallel the oil iso-saturation 
lines is also evident in the data-re- 
ported here. This is contrary to the 
behavior exhibited by the dynamic 
system studied by Caudle et al’. 


Using careful capillary pressure 
control to insure an unqualified 
“drainage” history, no evidence has 
been found to suggest that the gas 
relative permeability is sensitive to 
the saturation ratio of the two liquids 
occupying the wetting position. For 
this reason, the gas isoperms are rep- 
resented as straight lines parallel to 
the gas iso-saturation values. 

The foregoing theoretical consider- 
ations and experimental results lead 
to the conclusion that it is feasible 
to calculate both oil and water rela- 
tive permeabilities from measured 
gas relative permeabilities. All that 
is required is acceptance of: (1) the 
hypothesis that residual oil satu- 
ration resulting from a desaturation 
of a system containing water >S,, 


(0) (b) 
Fic. 7—1/P.” vs FOR (a) Con- 
SOLIDATED SAND AND (b) UNCONSOL- 
IDATED SAND. 


will be zero and (2) the water per- 
meability of a three-phase, water-wet 
system is a function of saturation 
only and will equal the permeability 
at this saturation when only two 
phases are present. 
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TECHNICAL NOTE 376 


ADAPTATION of FRICTION FACTORS to the FLOW 
of FLUIDS through CONSOLIDATED FORMATIONS 


L. F. STUTZMAN 
GEORGE THODOS 


ASB SEERA CT 


The friction factor plot presented by Cornell and 
Katz‘ and developed for the flow of fluids through con- 
solidated formations has been directly adapted for han- 
dling fluid flow problems involving both linear and 
radial flow. In this adaptation the friction factor plot ts 
used directly for the solution of problems and thereby 
eliminates the use of conventional equations which are 
specific to laminar (Darcy) or turbulent flow. This ap- 
proach overcomes the disadvantages inherent in the use 
of these conventional equations. It eliminates the neces- 
sity of checking the type of flow occurring in order to 
identify the specific equation which must be used. In 
radial flow problems, because of the increasing mass 
velocity of the fluids as they approach the wellbore, 
the type of flow may no longer remain laminar. Conse- 
quently, it is necessary to use more than one equation 
in a problem and to identify the range over which each 
equation should be applied. Finally, in practice it has 
been found that much of the flow of gases through con- 
solidated media occurs in a range that is neither laminar 
or turbulent. For this transitional region, no convenient 
equations are available. The method and presented fric- 
tion factor plot are applicable to both liquids and 
gases. 


The flow of fluids through unconsolidated media in 
packed beds has been treated extensively by a number 
of investigators’’****. Most of these studies present 
friction factors as a function of modified Reynolds 
number similar to those developed for conventional 
fluid flow through pipes. These friction factor plots are 
presented for linear flow; however, Elenbaas and Katz’ 
have extended these concepts to apply to radial flow. 
All of these studies on unconsolidated materials require 
a knowledge of packing properties such as sphericity, 


4References given at end of paper. 
Revised manuscript received in Petroleum Branch office Oct. 1, 
1956. Original manuscript received June 9, 1956. 
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porosity, and particle diameter. Sphericity and particle 
diameter cannot be defined at the present time for 
consolidated formations such as those commonly found 
in gas or oil reservoirs. As a result many investigators 
have not utilized friction factors and Reynolds number 
in the study of fluid flow through consolidated media. 
However, Cornell and Katz* present a plot (Fig. 1) for 
the flow of fluids through consolidated porous media, 
in which the friction factor defined as: 


9216 


is correlated with a modified Reynolds number defined 
as: 


BWK 


The turbulence coefficient, 8, is related to the formation 
permeability, K, as presented in Fig. 2. 


Three different types of flow may exist in the flow of 


(Re) mod 


10,000 


1,000 

as 

o- 

© 

100 


(Re 
mod [6.32x10JAp 
Fic. 1—FRICTION FACTOR PLOT FOR FLOW THROUGH 
CONSOLIDATED Porous MEDIA, AFTER CORNELL 
AND KatTz*. 
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fluids through porous media as indicated in Fig. 1. Lam- 
inar or Darcy flow exists in the straight line portion of 
the curve at (Re) moa < 0.1. Turbulent flow exists at 
(Re) moa > 10. There is no sharp demarkation between 
laminar and turbulent flows, but rather a transitional 
region which is defined in the range 0.1 <(Re) inca < 10. 


REVIEW OF PRESSURE Drop EQuaTIONS 
FOR LAMINAR AND TURBULENT FLOws 


The normal procedure for calculating pressure drops 
through formations has utilized equations developed spe- 
cifically for laminar and turbulent flow for both linear 
and radial systems. In this treatment only the flow of 
gases will be reviewed in order to present the more 
involved type of problem. In most reservoir problems 
liquid flow will exist only in the laminar or Darcy 
region, and therefore represents a simpler type of prob- 
lem. Many variations of the following equations are 
presented in the literature, and those listed below are 
representative of those commonly used. 


LAMINAR FLOW (DARCY’S EQUATION) 


pe 


1 0.1119 KA (linear flow ) (3) 


2 @) 
2 0.703 Kh In (radial flow) . (4) 


TURBULENT FLOW [AFTER KATZ AND CORNELL'] 


-6 2 
Gist zTs (radial flow) . (6) 
le ry 

In Eqs. 3, 4, 5 and 6, z T and mw represent mean 
values over the limits of integration. - 

Using these equations for the solution of reservoir 
problems, the proper equation is chosen corresponding 
to the type of existing flow and used directly. A modi- 
fied Reynolds number should be calculated and checked 
with Fig. 1 to justify the use of the selected equation. 

Analytical expressions are not available for the transi- 
tional region. In addition, analytical expressions are 
difficult to apply in radial flow problems where laminar 
flow may exist inside the formation, and transitional 
or turbulent flow near the wellbore. 


GENERALIZED METHOD— 
PRESSURE Drop CALCULATIONS 

Any friction factor plot, such as the one presented in 
Fig. 1, may be utilized for the solution of problems 
involving fluid flow. With this relationship all linear flow 
problems may be handled without specifying the type of 
flow that exists. With the background available in Fig. 1, 
it is possible, through a consideration of basic pressure 
drop relationships, to extend this information to include 
radial fluid flow. This approach eliminates the use of 
specific equations for laminar and turbulent flows and 
permits handling the transitional region. In addition, this 
method eliminates the necessity of checking a problem 
for the Reynolds number to determine the type of flow 
that exists. Although this method and plots are common 
to both gases and liquids, only gases have been chosen 
as examples to illustrate the calculation procedure. 
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—j0!2 


6, Turbulence Coefficient, | /ft 


—19!° 


Fic. 2—TURBULENCE COEFFICIENT, £, AS A FUNCTION 
OF PERMEABILITY, K, AFTER KATZ AND CORNELL’. 


K, Permeability in millidarcies 


LINEAR FLOW 


Since Fig. 1 is based upon information obtained for 
linear flow, it can be used directly for the solution of 
problems of this type. In the solution of such problems 
the modified Reynolds number must be calculated, from 
which the friction factor, f, is obtained from Fig. 1. 
Through the relationship of Eq. 1, the pressure drop or 
other variables can be determined. 


EXAMPLE 
Determine the permeability of a rock formation from 
the following data. Natural gas, having a specific gravity 
of 0.60, is flowing through a core sample 2.0 in. in 
length and 1.5 in. in diameter. The upstream and down- 
stream pressures are 700 and 692 psia, respectively, 
when 0.515 cu ft (60°F and 14.7 psia) of natural gas 
per minute flow through this sample. For the flowing 
gas, the average temperature is 80°F and the average 
viscosity, 0.0119 cp. 
1. Densities of Natural Gas 
(a) Flow Conditions (80°F — 696 psia) 
MP (06026029) (696) | 
(b) Standard Conditions (60°F — 14.7 psia) 
p = 0.046 lb,,/ft’ 
Modified Reynolds Number, (Re) moa 


X10") 
3. Friction Factor, f 

BLW B 

A trial-and-error procedure produces a value of 
B = 1.48 X 10°, which corresponds to a formation per- 
meability, K = 68 md (Fig. 2). This example is a typi- 
cal problem for the determination of permeability from 
laboratory data. For this type of problem the Darcy 
equation is normally assumed to apply. Since (Re) moa = 
0.430, the flow is actually in the transitional rather than 
the laminar region. If the Darcy equation is used, the 
calculated value of permeability is found to be 47 md 
rather than the correct value of 68 md. 


= 4.28 X 10™BK 


f = 9216 


RADIAL FLOW 


The information of Fig. 1 cannot be used directly for 
the solution of radial flow problems since it was obtained 
from linear flow experimental investigations. However, 
the definition of the friction factor, Eq. 1, can be rear- 
ranged in differential form and made to apply to radial 
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flow conditions. Thus Eq. 1 can be presented in the 
following differential form: 


fRW 
9216 g. p 


For radial flow conditions the area perpendicular to the 
direction of fluid flow, A, becomes equal to 2arh and 
dL becomes equal to dr. When these variables are sub- 
stituted into Eq. 7, the following expression is obtained: 


In order to integrate rigorously Eq. 8, the fluid density, 
p, and viscosity, 1, which inherently is contained in the 
friction factor, f, must be considered as variables and as 
functions of the pressure. An analytical solution be- 
comes too involved, but a graphical method which con- 
siders average values of p and , over small incremental 
pressure changes can be utilized to treat these terms as 
variables. However, in practice this refinement is unnec- 
essary, since average values of p and yu for both liquids 
and gases over the entire pressure drop prove satisfac- 
tory to the solution of such problems. 


Based upon these assumptions, Eq. 8 may be inte- 
grated to produce Eq. 9. 


dP = 


dP = 


BW 
9216 (27)? Pave Al 
The evaluation of the integral in Eq. 9 requires that f 
be defined as a function of r, the radius. The friction fac- 
tor, f, is related to the modified Reynolds number as 
indicated in Fig. 1. In turn, the modified Reynolds 
number is a function of r for radial flow. 


For laminar flow the friction factor, f, is defined as 
64 
(Re) mod 


and for turbulent flow f becomes essentially constant. 
Therefore, for laminar and turbulent flows it is possible 
to evaluate the integral analytically. However, this ap- 
proach does not prove expedient for handling flows in 
the transitional region or for flow problems that involve 
a change of one type of flow to another. The evaluation 
of the integral by graphical means eliminates the neces- 
sity to define the type of flow, and in addition permits 
handling a radial flow problem through the transitional 


(10) 


region. Thus, when the function th is plotted vs r, the 
r 


40 


200} 20) | 


500+ 100 
100F 


10 


0333 
r, Radius, ft 
100" 
Fic. 3—-GRAPHICAL INTEGRATION OF — dr FOR 
0.333 


RADIAL FLUID FLOW THROUGH Porous MEDIA. 


area under the curve becomes equal to | = dr as 
ry 
illustrated in Fig. 3. 
EXAMPLE 
Determine the pressure in a reservoir 100 ft from a 
wellbore 8 in. in diameter when natural gas (spegr= 
0.60) is flowing at a rate of 2,637,000 cu ft (60°F and 
14.7 psia) /day. The reservoir has the following prop- 
erties: temperature = 140°F; bottom-hole pressure ~ 
1,574 psia; formation permeability = 68 md; and for- 
mation thickness = 15 ft. 
1. Flow Rate, W 
Density of Gas at Standard Conditions (60°F and 
14.7 psia) 
p = 0.046 lb/ft’ 

Therefore, W = 1.404 lb/sec 
2. Turbulence Coefficient, 8 

for K = 68 md 

B = 1.48 X 10° ft,* from Fig. 2 

3. Viscosity of Gas (Assume P, = 1,650 psia) 

Pave = 1/2 (1,574 + 1,650) = 1,612 psia 

at 140°F and P,,, = 1,612 psia 

p. = 0.0148 cp 

4. Modified Reynolds Number 


(652 
[1.48 10°] [1.404] [68] 0.160 
[6.32 X 10°] [27r(15)][0.0148] 
5. Friction Factor, f, for Various Values of r 


(Re) mod = 


t 
0.333 0.48 200 0.111 1800 
0.50 0.32 265 0.250 1060 
1.00 0.16 500 1.000 500 
2.50 0.064 980 6.25 157 
5.0 0.032 1950 fae; 78 
10.0 0.016 3900 100 39 
25.0 0.0064 9800 625 LS 
50.0 0.0032 19,500 2,500 7.8 
100.0 0.0016 39,000 10,000 SB.) 
6. The integral | — dr = 2,326.2 as presented in 
0333.7, 
Fig. 3 


7. Calculation of Pressure Drop 
(a) Gas Density at Average Formation Conditions 
(¢ =140°F, P = 1,612 psia) 
Pavg = 4.99 Ib,,/ft! 
(b) Calculation Using Eq. 9 
B Ww 
(1.48 X 10°) (1.404)* (2,326.2) 
(9,216) (27)* (32.17) (4.99) (15)* 
8. Re-evaluation of P, — P, 

With the calculated pressure drop of 50 psi, the aver- 
age pressure in the reservoir becomes 1,599 psia. For 
this pressure the viscosity of the gas remains essentially 
unchanged from the value of 0.0148 cp. Therefore, the 


te 


= 49.7 psi 


value of |’ Lar = 2,326.2 remains the same. However, 
since the density of the gas, p.,e, does change, the pres- 
sure drop, P, — P;, must be recalculated using Eq. 9. 
(a) Gas Density at Average Formation Conditions 
(t = 140°F, P = 1,599 psia) 
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= 5.12 K formation permeability, millidarcys 
(b) Calculation Using Eq. 9 T distance, feet a 
(1.48 X 10") (1.404)* (2,326.2) _ 50.3 psi OQ flow rate, cu ft (60°F and 14.7 psia) /day 
(2) (32.17): (Re) moa Modified Reynolds number 
No further refinement of the calculated pressure drop, s specific gravity of gas 


50.3 psi, is needed. 
9. Reservoir Pressure 100 ft from Wellbore 
P, = 1,574 + 50 = 1,624 psia 

In this example the flow was found to occur both in 
the laminar and transitional regions as indicated by the 
calculated modified Reynolds numbers. In formations 
having high permeabilities, such as those found in the 
Tideland gas fields, the gas flows may be not only in the 
transitional region, but also in the turbulent region near 
the wellbore. Such problems can be handled in a man- 
ner analogous to that outlined in the above example. 
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NOMENCLATURE * 


A area perpendicular to the flow of fluid, ft’ 
Re conversion factor, 32.17 (ib,,) (ft) /(1b;) (sec)’ 


*See AIME Symbols List in Oct., 1956, issue of Journal of Petro- 
leum Technology for other symbol definitions. 
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flow rate, lb,,/sec 
turbulence coefficient, ft* (Fig. 2) 
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TECHNICAL NOTE 389 


A NOTE on the SKIN EFFECT 


MURRAY F. HAWKINS, JR. 
MEMBER AIME 


Horner‘ and van Everdingen’ have shown that the 
pressure drop within the wellbore, as a result of hav- 
ing produced the well at a constant rate q for time f¢, 
where t is sufficiently large, is: 


qu ket 
= } + .809 1 
APe [n( ucfr? ( ) 


van Everdingen observed that better agreement between 
theory and well performance can be obtained if, instead 
of assuming the permeability is k. everywhere about 
the well, it is assumed the permeability near the well- 
bore is substantially reduced as a result of drilling, com- 
pletion and/or production practices. In order to account 
for the additional pressure drop he introduced the 
dimensionless quantity S, the skin effect factor, so that 
Eq. 1 becomes: 


h 

Eq. 2 might have also been obtained as follows. As- 
sume a zone of altered permeability k, exists about 
the well out to a radius r,, and beyond that the unal- 
tered, external permeability k.. The additional pressure 
drop required to overcome this skin of reduced per- 
meability may be calculated with sufficient accuracy 
using the incompressible flow equation; for Browns- 
combe and Collins’ have shown almost no difference 
between compressible and incompressible steady-state 
flow, in the vicinity of the wellbore, and the small 
volume of fluid in the vicinity of the wellbore makes 
unsteady-state mechanics unnecessary. Then, 


+ 809 


Ka Ke 
ap. = (rire) | 


The sign of this skin pressure drop will be positive or 
negative depending upon whether the altered per- 
meability k, is smaller or larger, respectively, than the 
external permeability k.. Adding the pressure drop of 
Eq. 3 to Eq. 1 to find the total pressure drop: 


*References given at end of paper. 
Original manuscript received in Petroleum Branch office on May 
26, 1956. Revised manuscript received July 23, 1956. 
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: 
qu ks 
+ EK. In 
que kt 
= + .809 


Comparing Eq. 4 with Eq. 2 it is seen that the skin 
effect may be defined by: 


The skin effect S and the external permeability k. can 
be determined from pressure build-up tests’**°°"*”. 
The average permeability k,,,, including the altered 
and external permeabilities, can be determined from 
PI tests, and may be defined approximately on the 
basis of steady-state flow, as was done by Thomas’ in 
defining the damage factor, by: 


Keke (6) 
The productivity ratio is the ratio of the average to 
the external permeability, k.../k., or 
kK, In (re/rw) (7) 


Substituting k. In(r./rw) = [S + In Eq. 
SAn Eq. 7: 


= 


P.R. = 


P.R. ~In(t./rw) +S" . . . . . (8) 


This equation shows that the productivity ratio and the 
skin effect are not uniquely related, because of the un- 
certainty in the drainage radius, and also, in many in- 
stances, the wellbore radius. Fortunately, they enter 
in the logarithm. 


The curves of Fig. 1 are plots of Eq. 8 for r./ry 
values from 100 to 50,000. The points represent the 
skin effects and corresponding productivity ratios from 
a large number of well tests, taken from Fig. 15 of 
Ref. 5 or Fig. 13 of Ref. 9. While some of the data 
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100 


RATIO 


PRODUCTIVITY 


-10 +5 +10 


SINING 


Fic. 1—P.ots oF Ea. 8 FoR r,./r. WALUES FROM 100 
To 50,000. 


spread is due to inaccuracies in the various data used 
to compute the skin effect and productivity ratio, the 
agreement between the theoretical curves, using r./rw 
as a parameter, and the observed well data appears to 
support the definition of the skin effect by Eq. 5, and 
also the validity of Eq. 8 relating productivity ratio 
and skin effect, in which the value of r./r, is impor- 
tant. Only approximate agreement is expected because 
Eq. 8 applies to steady-state conditions whereas the 
plotted points of Fig. 1 involve a combination of both 
steady-state and unsteady-state conditions, for which 
the r./r, values assumed are not reported. The fairly 
large number of points with negative skin effects lying 
below the curves might be interpreted as_the effect of 
extremely large drainage radii, while those with nega- 
tive skin effects lying above the curves may be wells 
with severely restricted drainage radii. 

Fig. 2 is a plot of Eq. 5, the skin effect vs the ratio 
of the altered zone radius to the wellbore radius, r,/r., 
at several values of the parameter k./k,. The change 
of the scale for the negative skin effects should be 
noted. The curves indicate that well improvements de- 
noted by skin effects more negative than — 6 are ob- 
tainable only by extreme permeability improvement ex- 
tending out beyond 200 times the wellbore radius. The 
scarcity of skin effects more negative than — 6, as 
shown in Fig. 1, supports this prediction, and indirectly 
the definition of the skin effect. All wells with skin 
effects more negative than — 6, reported in Ref. 5, had 
apparently received about average fracturing or acidiz- 
ing treatment, the success being due apparently to the 
fortuitous nature of the permeability about the well; for 
some wells which received excessive treatment did not 
respond as well, and two untreated sand wells (M-4 
and M-6) had skin effects near — 5. An indication of 
the extent of fracture extension might be inferred from 


these considerations. 

Fig. 3 is a plot of Eq. 7 which is based on the steady- 
state radial flow equation, using r. = 660 ft and ry 
= 0.35 ft. It is included to complete the viewpoint of 
well stimulation and well damage in terms of the 
radial extent of the zone of altered permeability, and 
of the degree of alteration, k./k;. 
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TECHNICAL NOTE 393 


EFFECT of STRATIFICATION on RELATIVE PERMEABILITY 


A. T. COREY* 
C. H. RATHJENS 


O DAC PEON 


Although the oil industry has been aware of the di- 
rectional variability of permeability in porous rock, the 
directional variability of relative permeability has been 
largely ignored. Yet it is apparent that such an effect 
must be present in a system in which the distribution 
of oil and gas within the porous matrix is controlled by 
capillary forces. 

It is easy to visualize a rock composed of layers of 
fine and coarse material such that gas flow across the 
bedding planes would take place only after the average 
oil saturation had been reduced to a very. low value. 
The fine layers, because of their greater capillarity, 
would remain saturated and act as barriers to the flow 
of gas after the coarse layers had been desaturated. 
Flow of gas parallel to the bedding planes would ob- 
viously take place at a much greater liquid saturation. 


Without more complete information concerning the 
geology of a reservoir than is generally available, it is 
not possible to predict exactly how such phenomena 
would affect the over-all performance of an oil field. 
It is possible, however, to predict qualitatively the ef- 
fect of stratification on relative permeability measure- 
ments made on laboratory cores. 


In this investigation the effect of stratification was 
studied analytically by assuming that two porous ma- 
terials with different capillary pressure-desaturation 
curves (but identical relative permeability curves) were 
in contact and in capillary equilibrium. As a qualitative 
check on the analytical results, cores having various 
degrees of visible stratification were used for relative 
permeability measurements made with fluids flowing 
both parallel and perpendicular to the bedding planes. 
A quantitative check was considered impractical be- 
cause of the difficulty of devising models in which two 
materials of predetermined properties could be joined 
without the plane of contact becoming a discontinuity. 


THEORETICAL CONSIDERATIONS AND 
ASSUMPTIONS 


The assumption of capillary equilibrium in an oil- 
gas system implies that the difference in pressure be- 
tween oil and gas is everywhere the same. This means 
that the curvature of the interfaces must be everywhere 
the same in order to satisfy the equation 


1 1 


*Civil Engineering Dept., Colorado A&M College, Fort Collins, Colo. 
Original manuscript received in Petroleum Branch office on Aug. 
8, 1956. Revised manuscript received on Nov. 7, 1956. 
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where P, is the pressure difference between phases, y 
the interfacial tension and r, and r, are the major and 
minor radii of curvature. Depending on the pore size 
distribution of coarse and fine layers, the volumetric 
percentages of oil and gas in these layers will differ 
when equilibrium exists. The exact relationship can 
only be determined by obtaining the complete capil- 
lary pressure-desaturation curves for each of the porous 
materials in contact. 

It has been pointed out elsewhere’ that the capil- 
lary pressure-desaturation curves of sedimentary porous 
materials can often be approximated by the relation 


where C is a constant and S,. is the effective satura- 

tion to oil based on a percentage of the pore volume 

effective to flow. In the same paper it was indicated 

that, as a first approximation, the values of oil relative 

permeability are given by 
4 


Kyo = See (3) 
and the values of gas relative permeability by 
Ke — Giz (4) 


For this analysis Eqs. 2, 3, and 4 were assumed 
to apply to each of two components of a hypothetical 
porous rock in capillary equilibrium. It was also as- 
sumed that each of the components had a residual 
wetting phase saturation of 20 per cent so that 80 
per cent of the total pore volume was effective to flow. 
The permeability of the coarse stratum was taken as 
100, and its displacement pressure was such that C in 
Eq. 2 had the numerical value of 1. The corresponding 
values for the fine stratum were 10 for the permeability 
and 10 for C. Units are not specified because they do 
not enter into the final results. The choice of the per- 
meabilities and displacement pressure ratios was made 
to expedite the calculations. Any reasonable rock prop- 
erties could have been chosen without changing the re- 
sults qualitatively. 

Several arrangements of the two components were 
studied. Table 1. summarizes the resultant permeabili- 
ties obtained for four types of arrangement. 


RELA DIVE PERM EA 
CARCI 


The first step in the computation of relative per- 
meability for the composite cores was the plotting 
of the capillary pressure-desaturation curves and the 
relative permeability curves for the individual com- 
ponents according to Eqs. 2, 3, and 4. At arbitrary 


1References given at end of paper. 
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values of P., corresponding values of saturation and 
relative permeability were obtained from these plots. 
Armed with these saturations for each component, the 
composite saturations of the four hypothetical cores 
were determined. The corresponding resultant per- 
meabilities were given by the equations in the preceding 
table and, from these, the relative permeabilities were 
computed. 

The results are shown in Figs. 1 and 2. Perhaps 
the most conspicuous effect of component orientation 
is the variation in critical gas saturation. For the series 
arrangements the critical gas saturations are 35 per cent 
when the components are equally divided and 65 per 
cent when the coarse components represent 90 per 
cent of the pore volume. Obviously, the thinner the 
stratum of fine material the greater will be the critical 
gas saturation. For the parallel arrangements the cor- 
responding critical gas saturations are zero according 
to the assumptions made, i.e., if S,. = 1 when S, = 1, 
then Eq. 4 reduces to K,, = 0 at S, = 1. The gas relative 
permeability increases much more rapidly in the re- 
gion of high liquid saturation when the coarse com- 
ponent comprises only 10 per cent of the pore volume 
of the composite core. 

Another obvious feature of the figures is the inflec- 
tions which occur in the curves for the parallel arrange- 
ments. The inflections correspond to the saturation at 
which the fine material first begins to desaturate. With 
the series arrangements the oil relative permeability 
curve drops slowly at high oil saturations, but even- 


TABLE 1—PERMEABILITIES FOR FOUR TYPES OF ARRANGEMENTS 


Volume Distribution 


Per Cent Type Arrangement Resultant Permeability 
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tually falls to a much lower value than 1s the case for 
the parallel arrangement. The coarse stratum, when de- 
saturated, obstructs the flow of oil. 


MEASUREMENTS ON RESERVOIR CORES 


It would not be expected that the computed curves 
discussed above would apply in detail to any natural 
core. Nevertheless, the qualitative characteristics of the 
computed curves have been observed frequently when 
making measurements on reservoir cores. Indeed these 
observations prompted the analytic study. An example 
of relative permeability measurements on a well con- 
solidated core with flow parallel to obvious stratifications 
is presented in Fig. 3. Inflections are apparent in both 
the oil and gas relative permeability curves, indicating 
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Fic. 4—DIRECTIONAL EFFECT ON RELATIVE PER- 
MEABILITY OF BEREA SANDSTONE. 


distinct displacement pressures for the contrasting strata. 
The critical gas saturation is low and the gas relative 
permeability rises steeply as the oil saturation. is re- 
duced. This is undoubtedly a result of gas breaking 
through coarse strata while finer strata remain saturated. 
Also shown in Fig. 3 is the gas relative permeability 
curve on a similar core cut perpendicular to the bed- 
ding planes which indicates a very high critical gas 
saturation. 

Fig. 4 shows the results of measurements made on a 
Berea sandstone which, when dry or fully saturated, 
appears to be homogeneous and isotropic. When the 
material is partially desaturated, however, thin and regu- 
larly spaced strata are apparent. Moreover, the air per- 
meability of the dry cores is almost twice as great 
parallel to the bedding planes as perpendicular to them. 
Evidently the material is quite uniform, but it is not 
isotropic. The effect of the anisotropy is to increase 
greatly the critical gas saturation and to make the oil 
relative permeability curve steeper when flow is across 
the bedding planes. 


In Ref. 1 an outline of a procedure for determining 
the end points, S,, and S,, from gas relative per- 
meability curves was given. The method involves mak- 
ing a plot of K,, as a function of S.., according to 
Eq. 4. This is easily done by assuming values of S.. 
and solving for K,,. The resulting plot is used to obtain 
apparent values of effective saturation, cae from 
measured values of K,,. S.. is then plotted as a func- 
tion of S,, the oil saturation based on total pore volume. 
From the definition of S.., 


So — Sor 


it follows that the plot of S.. vs S, will result in a 
straight line if Eq. 4 is valid. According to Eq. 4, S.. 
should be unity when S, = 1 and zero when S, = S,,. 
As explained in Ref. 1 the actual plot of S.. vs S. 
does not usually extrapolate to unity when S, = 1, but 
instead to a value of S, which is arbitrarily defined as 
S... The function S,. vs S, can usually be approximated 
by a straight line except in the region where K,, ap- 
proaches unity. 
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Many plots of S.. vs S, have been made to obtain 
S,, and thus the K,, curve. A significant pattern of be- 
havior has been observed, as is shown in Fig. 5. Cores 
having marked stratifications parallel to the direction of 
flow invariably extrapolate to values of S, > 1, while 
those having stratifications perpendicular to the direc- 
tion of flow give values of S, <1. Some cores give 
values of S,, = 1, indicating a precise agreement with 
Eq. 4, except in the region of low liquid saturations. 
Cores having values of S,, = 1 are uniform and nearly 
isotropic. A slight stratification parallel to flow may 
have little effect, but stratification perpendicular to flow, 
however slight, has a marked effect in decreasing S,. It 
now seems probable that some stratification was the 
cause of the anomalous extrapolation of non-wetting 
phase resistivity index vs saturation, noted by Wyllie’. 

Unless S,, differs greatly from unity, the K,, curve 
calculated from Eq. 3 will agree reasonably well with 
measured values of K,,. This is another indication that 
oil relative permeabilities are less sensitive to slight 
stratification than are gas relative permeabilities. Cores 
which are cut parallel to the major strata of the reser- 
voir often give values of S,, <1. Apparently, slight 
differences in texture or cementation along the length 
of the cores are responsible. 

The saturation, S,,, must not be confused with the 
critical gas saturation. Values of S,, greater than or 
equal to 1 do not indicate gas permeability at a liquid 
saturation of 1. Obviously, a gas saturation at least 
sufficient to fill a single continuous channel is neces- 
sary for gas permeability to exist. Nevertheless, gas 
relative permeability curves for isotropic cores, when 
extrapolated, often pass through a saturation of unity. 
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TECHNICAL NOTE 394 


The BREAKTHROUGH SWEEP EFFICIENCY of the STAGGERED LINE DRIVE 


PRATS 
JUNIOR MEMBER AIME 


RA CT 


This paper presents a method for obtaining the cor- 
rect values of the breakthrough sweep efficiency of the 
staggered line drive, taking into account the proper 
shape of the breakthrough streamline. Results obtained 
were different from those previously published, which 
were obtained by using an inexact shape of the break- 
through streamline. 


LON 
In Section 9.31 of Muskat’s’ The Flow of Homogen- 


—eous Fluids Through Porous Media, it is stated that 


in a staggered line drive flood “the streamline of high- 
est average velocity [is] the line of centers between in- 
put and output wells” (see Fig. 1). Muskat used this 
concept to determine the relationship between the 
breakthrough sweep efficiency and the geometry of the 
staggered line drive pattern. 5 

Although it is clear from symmetry considerations 


that the breakthrough streamline passes through the 


midpoint between input and output wells, it is equally 
clear,“as shown in Fig. 239 of Ref. 1, that the break- 
through streamline is not represented very well by the 
straight line joining the input and output wells. 

Therefore, it is desirable to determine the proper re- 
lationship between the breakthrough sweep efficiency 
and the pattern geometry by using the proper shape of 
the breakthrough streamline. 


Vor) HO 0 


It was found that the effect of the geometry of the 
staggered line drive on the breakthrough sweep effi- 
ciency can be investigated easily by making use of the 
method developed in Ref. 2. With this method, it can be 
shown that the general complex potential for the stag- 
gered line drive, which can be considered as a rectangu- 
lar five-spot, is given in the coordinate system of Fig. 
1, by 

Q(z) = Incen(z[m) = d(x, y) tiv(x,y) . 
where z = x + iy, d(x, y) is the potential distribution 
and (x, y) is the stream function. 

The function cn (z|m) is a Jacobian elliptic function 
of parameter m and has simple zeros at z» = (2n + 1) 
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K + 2liK’ and simple poles at z, = 2nK + (21 + 1)ik’. 
Thus, the complex potential behaves like Q(z) = In(z 
— Zp) in the neighborhood of the production wells and 
behaves like Q(z) = — 1n(z — zr) in the neighborhood 
of the injection wells. Since (z — zr) = rnw*'’, we note 
that the potential ¢ has the proper logarithmic behavior 
near the two wells, while the stream function y varies 
with the angle, decreasing clockwise around the pro- 
duction well and increasing clockwise around the injec- 
tion well. —— 

The functions K(m) and K’(m), related by K(m) 
= K’(m,), where m + m, = 1, are known as the com- 
plete elliptic integrals of the first kind. 

By use of other properties of the Jacobian elliptic 
functions, the general stream function distribution for 
the staggered line drive can be obtained from Eq. 1: 


where 
| 
sn(x|m) dn(x|m) (3) 
cn(x|m) 
From the Jacobian elliptic function values, 
sn(0|m) = 0 


dn(0|m) = cn(0|m) = 1, and 

{{K’(m)|m] = ©, 
it follows that the stream function given by Eq. 2 
satisfies the proper symmetry conditions near a pro- 
duction well P located at [K(m), 0] and an injection 
well I located at [0, K’ (m)]. That is, the line JOP 
in Fig. 1 is a streamline with value ¥(0, 0) = 0, and 
the straight lines connecting J and P to the point [K(m), 
K’ (m)] is a streamline of value ¥[K(m), K’ (m)] = — 
x/2. Similar symmetry conditions are obtained near 
other wells. 

It should be noted that for m = m, = 0.5, Eq. 2 re- 

duces to the stream function distribution of the regular 
five-spot given in Ref. 2. 


SHAPE OF THE BREAKTHROUGE 
STREAMLINE 


It is apparent, from symmetry considerations, that 
the breakthrough streamline (y,) passes through the 
point [K(m)/2, K’ (m)/2]. Its value there is 


so that the shape of the breakthrough streamline y, is 
given by 
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Fic. 1—-CoorDINATE SYSTEM OF STAGGERED 
LINE DRIVE. 


Perhaps a simple way of seeing that the “line of cen- 
ters” cannot generally coincide with the breakthrough 
streamline is to point out that the latter (y,) must leave 
I and come into P (Fig. 1) at 45°. To show this, note 
that in the immediate vicinity of a well the stream 
function gives the angle at which the streamline leaves 
or enters the well; and from Eqs. 2 and 3 we see that 
along the streamline JOP (Fig. 1) y =0, and from Eq. 
4 wy = — 7/4 = — 45°. The “line of centers’ satisfies 
this condition for the angle at the wells only for the 
regular five-spot. 

It follows from these results that the breakthrough 
sweep efficiencies given in Fig. 236 of Ref. 1 are only 
approximate. Consequently, the relationship between 
breakthrough sweep efficiency and pattern geometry 
should be determined by use of the proper shape of the 
breakthrough streamline. 


BREAKTHROUGH SWEEP EFFICIENCY 


The breakthrough sweep efficiency S is defined by 
2 (injection rate) (breakthrough time) (6) 
area affected by one injection well 


where the quantities entering in this equation are de- 
fined below. 

The injection rate per unit formation thickness, Q, 
is defined by 


27 
Q | fv,| r 


where v,| z is the radial velocity of the injected fluid 


at the wellbore and f is the formation porosity. This 
can be reduced to 

by introducing the Darcy equation and noting that the 
potential has a logarithmic behavior in the neighbor- 
hood of the well. M is the ratio of formation permeabil- 
ity to fluid viscosity. 

The breakthrough time, ¢,, is given by 

[ K(m) dx 


vx | 

y = x) 

where the x component of the velocity, v,, is to be 
evaluated along the breakthrough streamline. Using 
the Darcy equation and the Cauchy-Riemann condi- 
tion 


ity = 
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| Eq. (14) 
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Fic. 2—-SWEEP EFFICIENCY OF STAGGERED LINE DRIVE. 


K(m) dx 
| y = x) 


The area (pore volume per unit formation thick- 
ness), A, affected by one injection well is 


we obtain 


Substituting Eqs. 7, 8, and 9 into Eq. 6 we obtain 
K(m) dx 

(10) 


Differentiating Eq. 2 and using Eq. 5, we find that 
along the breakthrough streamline 


From Eq. 3 and properties of the Jacobian elliptic func- 
tions, we can obtain 


f(ylm.) = + + mil — 


) 
and similarly for f/(x|m). 

Eliminating y from Eq. 11 by using Eqs. 5 and 12, 
we can transform Eq. 10 to 


(13) 


\, dw 
K(m) K’(m) }o — &) (Ww — 


where 


w=f'(x|m) . 

The integral in Eq. 13 is a complete elliptic integral 


of the first type, and after reduction to standard form, 
gives 


K{(m — m,)’] 
46779) 

Breakthrough sweep efficiencies given by Eq. 14 are 
plotted against the ratio of sides of the staggered line 
drive [K’(m)]/[K(m)] in Fig. 2. The approximate 
breakthrough sweep efficiencies reported in Fig. 246 of 
Ref. 1 are also shown in Fig. 2. A comparison of the 
two sets of results shows that those given by Eq. 14 


are higher than those given in Ref. 1 by as much as 
7 per cent. j 


S= (14) 
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Foreword 


History. The Symbols Committee was appointed in 
December, 1951, by R. W. French, then chairman of 
the Petroleum Branch. This committee limited its study 
to reservoir engineering, and a few months later a sub- 
committee was added to consider electric logging sym- 
bols. Because of the wide geographical distribution of 
committee membership, work proceeded mainly by 
correspondence. Meetings were held in conjunction with 
Petroleum Branch or AIME annual meetings. Tenta- 
tive symbol lists were published during 1955 in the 
JOURNAL OF PETROLEUM TECHNOLOGY, the reservoir 
engineering symbols appearing in the January issue and 
the electric logging symbols in the July issue. Sugges- 
tions from Petroleum Branch members were received 
until January, 1956. Of the basis of these suggestions, 
four changes were made in the tentative symbols: (1) 
the porosity symbol was changed from f to ¢, (2) the 
symbol f thus released was designated to mean “frac- 
tion” generally, (3) the symbol for mobility ratio was 
changed from a to M, and (4) the method for indicat- 
ing dimensionless quantities was changed from the un- 
derscore to subscript D. The Petroleum Branch Exec- 
utive Committee has approved the lists with these 
—ehanges, and recommends them to the membership and 
to the industry. 


Structure of lists. The reservoir engineering list is 
given in three different forms: 

(1) symbols in alphabetical order, 

(2) quantities in alphabetical order, — 

(3) quantities in related groups. 
Separate lists of subscripts follow forms (1) and (2) 
and each section of (3). The electric logging list is 
given in forms (1) and (2) with a subscript list accom- 
panying form (1). 

The names or labels for the quantities are for iden- 
tification only and are not intended as definitions. De- 
fining equations are given in a very few cases where 
further identification may be needed. For the present, 
the specification of units and conditions of measure- 
ment is left to the user. 


For convenience in dimensional checking of equa- 
tions, a column has been included giving the dimen- 
sions of each quantity in terms of mass, length, time, 
temperature, and electric charge (m, L, t, T, and Q). 


Guides in choosing symbols. The general principles 
of symbol standardization on the following page are 
basically in accord with those which appear in symbol 
lists approved by the American Standards Association. 
Minor differences, such as the use of vertical type for 
subscripts (a choice governed by mechanical consid- 
erations at this time), can easily be reconciled if the 
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occasion to do so arises in the future. In addition to 
these general principles, the committee adopted four 
guiding rules for selecting symbols: 

(1) Past usage. Books and periodicals, particularly 
AIME Transactions, were basic sources of symbols- for 
quantities peculiar to reservoir engineering and electric 
logging. In a few cases, two or even more symbols 
have been widely used for the same quantity, and the 
choice was to some extent arbitrary. For overlapping 
and related branches of science and engineering, pub- 
lished symbol lists approved by the ASA were taken 
as the best precedents. The present lists are thus con- 
sistent with a broad program of standardization which 
already includes symbols for acoustics, chemical engi- 
neering, electrical quantities, heat and thermodynamics, 
hydraulics, mathematics, mechanics of solid bodies, 
physics, and radio (further information on these pub- 
lished lists can be obtained from the ASA, 70 E. 45th 
St., New York 17, N. Y.). The single exception to this 
conformity with existing standards is the symbol for 
resistivity in the electric logging list. Because of its ex- 
tensive use in this special field, R-was given precedence 
over the standard symbol p for logging use only. 

(2) Limit the list principally to basic quantities, 
avoiding symbols and subscripts for combinations, re- 
ciprocals, special conditions, etc. Obviously, the choice 
of basic quantities is in part arbitrary. 

(3) Use initial letters of materials, phases, proc- 
esses, etc., as being suggestive and easily remembered. 

(4) Minimize the number of symbols which cannot 
be conveniently handwritten, typed, and printed. With 
the range of available symbols thus limited, consider- 
able reliance has been placed on multiple subscripts. 


Application of general principles. The general rule 
that a physical quantity should be represented by a 
single symbol was rigidly followed, despite the popu- 
larity of such combinations as PI and SP. Such com- 
binations are considered abbreviations rather than sym- 
bols, and are to be used in text rather than in mathe- 
matical equations. The Petroleum Branch staff has pre- 
pared a style guide which lists abbreviations which have 
become familiar in petroleum engineering. 

The principle of using the same symbol for the same 
generic quantity resulted in a departure from past 
usage in the case of the formation volume factor sym- 
bols. Different basic symbols have often been used for 
the different formation volume factors in order to avoid 
having a subscript (to indicate phase) attached to a 
basic symbol. 
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General Principles of 
Letter Symbol Standardization 


1 Letter Symbols. A letter symbol for a physical 
quantity is a single letter intended primarily for use in 
mathematical expressions. The same. letter symbol 
should be used consistently for the same generic quan- 
tity, special values or units being indicated by subscripts 
or superscripts. 


2 General Requirements for Printed Symbols. 


(a) STANDARDIZATION. Authors are urged to use 
the symbols in this and other standard lists and to con- 
form to these general principles. An author should in- 
clude a list of symbols or should refer to a standard 
list. An author may need symbols not included in stand- 
ard lists. He should then select the simplest and most 
suggestive symbols that he can without conflicting with 
standard lists in fields closely related to his work. 


(b) Ampicuity. If a single symbol is used for 
more than one quantity, it must be used so that there 
cannot be any confusion of the different meanings in 
the particular context. 

(c) IDENTIFICATION. An author should avoid using 
two symbols whose printed forms are confusingly simi- 
lar. Examples are » (iota) and i, zero and capital O. 


(d) Economy. Notations should be selected for 
adaptability to mechanical methods of typesetting. Often 
the typesetting of a complicated expression can be sim- 
plified by introducing a single letter for some complex 
component of the expression. 


3 Secondary Symbols. Subscripts and superscripts 
should be taken from standard lists if possible; however, 
it is recognized that special subscripts will be needed 
frequently. Several subscripts or superscripts, possibly 
separated by commas, may be attached to a single let- 
ter. Standardized abbreviations may appear among sub- 
scripts. These devices will aid in avoiding the attach- 
ment of subscripts and superscripts to subscripts and 
superscripts. Parentheses or brackets should be placed 
around a symbol with a superscript before an exponent 
is attached. Reference marks may not be attached to 
letter symbols. 


4 Typography. English letter symbols are printed in 
italic type. Numerals, subscripts, superscripts, and let- 
ters of other alphabets are normally printed in vertical 
type. Boldface type is preferred when a special alphabet 
is needed. Type faces with serifs are recommended. 


Modifying Sign 


x average or mean value of a quantity x 


Notes 


1. When the mobilities involved are on opposite sides 
of an interface, the mobility ratio will be defined 
as the ratio of the displacing phase mobility to 
the displaced phase mobility, or the ratio of the 


366 


upstream mobility to the downstream mobility. 
The letter R is retained for electrical resistivity 
in the list of electric well-logging symbols. In the 
dimensional formula, Q is electric charge. 
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Standard 


Letter Symbols for Petroleum Reservoir Engineering 


Symbols in Alphabetical Order 


English 

A area 

B formation volume factor 

B, — gas formation volume factor 

B, _ oil formation volume factor 

B. total (two-phase) formation 
volume factor 

B,. water formation volume factor 


compressibility 
Cr formation (rock) compressibility 
CG gas compressibility 


oil compressibility 
Cw water compressibility 


concentration 

D depth 

D diffusion coefficient 

e influx (encroachment) rate 

a gas influx (encroachment) rate 


eo oil influx (encroachment) rate 
ey water influx (encroachment) rate 


= f fraction (such as the fraction of a 
flow stream consisting of a par- 
ticular phase) 


acceleration of gravity 
total initial-gas in place in reservoir 
G. cumulative gas influx (encroachment) 
G; cumulative gas injected 
G, cumulative gas produced 
gas influx (encroachment) during 
an interval 
; gas injected during an interval 
gas produced during an interval 


h net pay thickness 

H _ gross pay thickness 

injection rate 

gas injection rate 

water injection rate 

injectivity index 

specific injectivity index 

productivity index 

specific productivity index 

absolute permeability 

effective permeability to gas 

effective permeability to oil 

relative permeability to gas 

relative permeability to oil 

relative permeability to water 

effective permeability to water 

equilibrium ratio (y/x) 

natural logarithm, base e 

common logarithm, base 10 

length 

L moles of liquid phase 

m mass 

m ratio initial reservoir free gas vol- 
ume to initial reservoir oil 
volume 

mobility ratio’ 


Dimensions 


Lt'/m 
Lt/m 
Lt’/m 
Lt'/m 
Lt’/m 
various 
Lie 
L’/t 
pis 
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n 


i} 


4 


RANRNNAN 


4 


~ 


molecular weight m 
total moles 
initial oil in place in reservoir E} 
cumulative oil influx (encroachment) Ve 
cumulative oil produced 
oil influx (encroachment) during iby 
an interval 
oil produced during an interval ie: 
pressure m/Lt 
atmospheric pressure m/Lt 
bubble-point (saturation) pressure m/Lt 
critical pressure m/Lt 
casing pressure, flowing m/Lt 
casing pressure, static m/Lt 
dew-point pressure m/Lt 
dimensionless pressure 
external boundary pressure m/Lt 
front or interface pressure m/Lt 
initial pressure m/Lt 
reduced pressure 
pressure, standard conditions m/Lt 
separator pressure m/Lt 
tubing pressure, flowing m/Lt 
tubing pressure, static m/Lt 
bottom-hole pressure, general m/Lt 
bottom-hole pressure, flowing m/Lt 
bottom-hole pressure, static m/Lt 
average pressure m/Lt 
capillary pressure m/Lt 
production rate Ey 
dimensionless production rate 
gas production rate Lvs 
oil production rate it 
water production rate it 
radial distance 
dimensionless radial distance 
external boundary radius L 
well radius 1b; 
producing gas-oil ratio 
universal gas constant (per mole) mL? /tT 
cumulative gas-oil ratio 
solution gas-oil ratio (gas solubility in oil) 
gas solubility in water 
saturation 
gas saturation 
critical gas saturation 
residual gas saturation 
oil saturation 
residual oil saturation | 
water saturation 
critical water saturation 
residual water saturation 
time t 
dimensionless time 
temperature 
critical temperature T 
reduced temperature 
temperature, standard conditions E 
volumetric velocity (flow rate per eet 
unit area) 
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n 

N 

N. 

AN. 

AN, 

Pp 

Pa 

Po 

Peer 

Des 

Pa 

Po 

De 

Pr 

pi 

Pse 

Dao 

Pts 

L/t Dw 

L 

IE 

q 

dp 

qs 

iL qo 

dw 

L*/t 
L't/m 
L*t/m 
L't/m 
L*t/m 

: 

| 


AW. 


$68 


specific volume 

velocity 

moles of vapor phase 

volume 

bulk volume 

volume per mole 

pore volume 

solid volume 

initial water in place in reservoir 

cumulative water influx (encroachment) 

cumulative water injected 

cumulative water produced 

water influx (encroachment) dur- 
ing an interval 

water injected during an interval 

water produced during an interval 

mole fraction of a component in 
liquid phase 

mole fraction of a component in 
vapor phase 

gas deviation factor (compressi- 
bility factor, z = pV/nRT) 

mole fraction of a component in 
mixture 


atmospheric 


bubble-point or saturation (except when used with 


volume) 
bulk (used with volume only ) 
capillary (used in P, only) 
critical 
casing, flowing (used with pressure only 
casing, static (used with pressure only ) 
dew-point 
differential separation 
dimensionless quantity 
cumulative influx (encroachment) 
external boundary conditions 
flash separation 
formation (rock) 
front or interface 
gas 
cumulative injected 
initial value or conditions 
liquid 
molal (used with volume only ) 


L*/m Greek 
L/t B beta thermal cubic expansion coefficient 1/7 
A delta.» difference (Ax = — — [x] 
n eta hydraulic diffusivity (k/pcu or 
A/c) 
lambda mobility (k/p) L't/m 
\, lambda gas mobility L't/m 
L’ lambda oil mobility L't/m 
lambda water mobility L*t/m 
mu viscosity m/Lt 
mu gas viscosity m/Lt 
L jig mu oil viscosity m/Lt 
L [lw mu water viscosity m/Lt 
v nu kinematic viscosity Lie 
L’ The density m/L* 
p tho resistivity’ (electrical ) mL*/tQ 
Pe tbo gas density m/L* 
p. Tho oil density m/L* 
Pw rho water density 
o sigma surface tension (interfacial m/t 
tension) 
7 tau tortuosity 
phi porosity 
®  phieay. potential various 
stream function various 
Subscripts 
max maximum 
min minimum 
fo) oil 
p cumulative produced 
p pore (used with volume only) 
r reduced 
relative 
E residual 
S gas-oil solution (used in R, only) 
S solid (used with volume only ) 
S specific (used with J and /) 
sc standard conditions 
sp separator conditions 
sw gas-water solution (used in R. only) 
t total 
tf tubing, flowing (used with pressure only) 
ts tubing, static (used with pressure only ) 
Ww water 
Ww well conditions 
wf  bottom-hole, flowing (used with pressure only ) 
ws  bottom-hole, static (used with pressure only) 
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AW, 

x 
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Letter Symbols for Petroleum Reservoir Engineering 


Quantities in Alphabetical Order 


Dimensions 
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absolute permeability dimensionless production rate qv 
acceleration of gravity 2 L/t dimensionless quantity proportional xp 
L’ radial distanc 
i 2 € lp 
average or mean value of a x [x] distance, radial 3 ry 
quantity x it: distance, radial, dimensionless rp 
m/Lt effective permeability to gas ke 
bottom-hole pressure, flowing Des m/Lt effective permeability to oil k, | Be 
bottom-hole pressure, general Dx m/Lt effective permeability to water Ke ie, 
bottom-hole pressure, static Dee m/Lt encroachment or influx, gas, G. be 
bubble-point (saturation) pressure m/Lt- cumulative 
bulk volume Be encroachment or influx, gas, during AG. 
capillary pressure P. m/Lt an interval 
casing pressure, flowing Det m/Lt encroachment or influx, oil, N. EE 
casing pressure, static Dee m/Lt cumulative 
coefficient, diffusion D L/t encroachment or influx, oil, during AN, iy 
coefficient, thermal cubic expansion beta 1/T an interval : 
common logarithm, base 10 log encroachment or influx rate e Lit 
component, mole fraction of, in x encroachment or influx rate, gas e. Lt 
liquid phase encroachment or influx rate, oil e, L*/t 
component, mole fraction of, in z encroachment or influx rate, water Lift 
mixture encroachment or influx, water, W. EF 
component, mole fraction of, in y cumulative — 
vapor phase encroachment or influx, water, AW. 1G 
compressibility Lt /m during an interval 
compressibility factor or deviation equilibrium ratio (y/x) 
factor for gas (z= pV /nRT) expansion coefficient, thermal cubic beta PIE 
compressibility, formation (rock) c, Lt/m external boundary pressure Pe m/Lt 
compressibility, gas “Lt /m external boundary radius Re 
compressibility, oil Lt/m flow rate per unit area (volumetric 
compressibility, water Cw Lt/m velocity ) 
concentration C various flowing pressure, bottom-hole ee m/Lt 
critical gas saturation Sx flowing pressure, casing Des m/Lt 
critical pressure De m/Lt flowing pressure, tubing Des m/Lt 
critical temperature T; ap flux or flow rate, per unit area u L/t 
critical water saturation Se (volumetric velocity) : 
cubic expansion coefficient, thermal 8 beta 1D formation (rock) compressibility —¢; Lt'/m 
cumulative gas influx Gs L' formation volume factor B 
(encroachment) “s formation volume factor, gas B, 
cumulative gas injected G, L? formation volume factor, oil B, 
cumulative gas produced G, L? formation volume factor, total B, 
cumulative gas-oil ratio R, (two-phase) 
cumulative oil influx N. L? formation volume factor, water Be 
(encroachment) fraction (such as the fraction ofa f 
cumulative oil produced N, L? flow stream consisting of a par- 
‘cumulative water influx W. i ticular phase) 
(encroachment) front or interface pressure Pr m/Lt 
cumulative water injected W, gas compressibility Lt'/m 
cumulative water produced W,, gas constant, universal (per mole) R mL 
density EE p tho m/L' gas density px Tho m/L* 
density, gas pz Tho m/L' gas deviation factor (compressi- z 
density, oil po Tho m/L* bility factor, z = pV /nRT) 3 
density, water pw Tho m/L* gas, effective permeability to k, 1 
depth D if gas formation volume factor B, 
deviation factor (compressibility Zz gas in place in reservoir, total initial G iy 
factor) for gas (z = pV/nRT) gas influx (encroachment), G. 1B 
dew-point pressure Pu m/Lt cumulative 
difference (x, — x, 0r x, — X:) Ax [x] gas influx (encroachment) during AG. Ie 
diffusion coefficient D L’/t an interval 
diffusivity, hydraulic (k/¢cp or n eta L’/t gas influx (encroachment) rate ey IL /t 
A/¢c) gas injected, cumulative G; L’ 
dimensionless pressure Po gas injected during an interval AG, L 
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gas injection rate 

gas mobility 

gas produced, cumulative 

gas produced during an interval 

gas production rate 

gas, relative permeability to 

gas saturation 

gas saturation, critical 

gas saturation, residual 

gas solubility in oil (solution 
gas-oil ratio) 

gas solubility in water 

gas viscosity 

gas-oil ratio, cumulative 

gas-oil ratio, producing 

gas-oil ratio, solution (gas 
solubility in oil) 

gravity, acceleration of 

gross pay thickness 

hydraulic diffusivity or 

index, injectivity 

index, productivity 

index, specific injectivity 

index, specific productivity 

influx (encroachment), cumulative, 
gas 

influx (encroachment), cumulative, 
oil 

influx (encroachment), cumulative, 
water 

influx (encroachment) during an 
interval, gas 

influx (encroachment) during an 
interval, oil 

influx (encroachment) during an 
interval, water 

influx (encroachment) rate 

influx (encroachment) rate, gas 

influx (encroachment) rate, oil 

influx (encroachment) rate, water 

initial pressure 

injected gas, cumulative 

injected gas during an interval 

injected water, cumulative 

injected water during an interval 

injection rate 

injection rate, gas 

injection rate, water 

injectivity index 

injectivity index, specific 

in-place gas in reservoir, total initial 

in-place oil in reservoir, initial 

in-place water in reservoir, initial 

interfacial or surface tension 


kinematic viscosity 


length 

liquid (oil) formation volume 
factor 

liquid phase, mole fraction of 
component in 

liquid phase, moles of 

logarithm, common, base 10 

logarithm, natural, base e 


mass 


mean OF average pressure 
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ig L*/t 
A, lambda L*t/m 
G, 
AG, 
L‘/t 
Kis 

Re 

MU m/Lt 
R, 

R 

R, 

2 
H 1G 
n eta L*/t 
I Lit/m 
L't/m 
L't/m 
L*t/m 
Ge L* 
N. L* 
W. 
AG. 
AN. L’ 
AW. 
e L*/t 
e, 
e 
ey 
Pi m/Lt 
G} L’ 
AG, L’ 
W, 
AW, 
i 
L*/t 
I Lit/m 
L*t/m 
G 
N 
W 
o sigma m/t 
v nu 
L L 
B, 

x 

log 

In 

m m 
Dp m/Lt’ 


mean or average value of a x [x] 
quantity x 
mixture, mole fraction of compon- 
ent in 
mobility (k/«) Nlambda = L*t/m 
mobility, gas lambda L*t/m 
mobility, oil dX. lambda L*t/m 
mobility ratio’ (A,/A.) M 
mobility, water \y lambda L't/m 
molal volume (volume per mole) Var L 
mole fraction of a component in % 
liquid phase 
mole fraction of a component in Zz 
mixture 
mole fraction of a component in y 
vapor phase 
molecular weight M m 
moles of liquid phase L 
moles of vapor phase V 
moles, total n 
natural logarithm, base e In 
net pay thickness h jg 
oil compressibility Cs Lt'/m 
oil density po Tho m/L* 
oil, effective permeability to k, L* 
oil formation volume factor B, 
oil in place in reservoir, initial N Be 
oil influx (encroachment), N. 1G? 
cumulative 
oil influx (encroachment) during AN. jiz 
an interval 
oil influx (encroachment) rate Co Lis 
oil mobility lambda L't/m 
oil produced, cumulative N, } 
oil produced during an interval AN, 1 Bee 
oil production rate Io Lift 
oil, relative permeability to Kiss 
oil saturation So 
oil saturation, residual Se 
oil viscosity jlo MU m/Lt 
pay thickness, gross H j 
pay thickness, net h its 
permeability, absolute k JES 
permeability, effective, to gas k, Js? 
permeability, effective, to oil k, ibe 
permeability, effective, to water ke | Bz 
permeability, relative, to gas ke 
permeability, relative, to oil KS 
permeability, relative, to water Kae 
pore volume V;, 
porosity ¢ phi 
potential ® phi.., various 
pressure p m/Lt 
pressure, atmospheric Da m/Lt 
pressure, average or mean D m/Lt 
pressure, bottom-hole flowing Pwe m/Lt 
pressure, bottom-hole, general Pw m/Lt 
pressure, bottom-hole static Dae m/Lt 
pressure, bubble-point (saturation) p» m/Lt 
pressure, capillary Ps m/Lt 
pressure, casing flowing De m/Lt 
pressure, casing static ee m/Lt 
pressure, critical De m/Lt 
pressure, dew-point Pa m/Lt 
pressure, dimensionless 
pressure, external boundary Pe m/Lt 
pressure, flowing bottom-hole Dei m/Lt 
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pressure, flowing casing 
pressure, flowing tubing 
pressure, front or interface 
pressure, initial 

pressure, reduced 

pressure, separator 

pressure, standard conditions 
pressure, static bottom-hole 
pressure, static casing 
pressure, static tubing 
pressure, tubing flowing 
pressure, tubing static 
produced gas, cumulative 
produced gas during an interval 
produced oil, cumulative 
produced oil during an interval 
produced water, cumulative 
produced water during an interval 
producing gas-oil ratio 
production rate 

production rate, dimensionless 
production rate, gas 
production rate, oil 
production rate, water 
productivity index 
productivity index, specific 
radial distance 

radial distance, dimensionless 
radius, external boundary 
radius, well 

rate, gas influx (encroachment) 
rate, gas injection 

rate, gas production 


_¥ate, influx (encroachment) 


rate, injection 

rate, oil influx (encroachment) 

rate, oil production 

rate per unit area, flow 
(volumetric velocity) 

rate, production 

rate, production, dimensionless 

rate, water influx (encroachment) 

rate, water injection 

rate, water production 

ratio, equilibrium (y/x) 

ratio, gas-oil, cumulative 

ratio, gas-oil, producing 

ratio, gas-oil, solution (gas 
solubility in oil) 


ratio initial reservoir free gas volume 


to initial reservoir oil volume 
ratio, mobility’ (A,/A:) 
ratio, producing gas-oil 
ratio, solution gas-oil (gas 
solubility in oil) 
reduced pressure 
reduced temperature — 
relative permeability to gas 
relative permeability to oil 
relative permeability to water 
residual gas saturation 
residual oil saturation 
residual water saturation 
resistivity’ (electrical) 
rock or formation compressibility 


saturation 
saturation, gas 


AS 
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saturation, gas, critical 

saturation, gas, residual 

saturation, oil 

saturation, oil, residual 

saturation or bubble-point pressure 

saturation, water 

saturation, water, critical 

saturation, water, residual 

separator pressure 

solid volume 

solubility, gas in oil (solution 
gas-oil ratio) 

solubility, gas in water 

solution gas-oil ratio (gas 
solubility in oil) 

specific injectivity index 

specific productivity index 

specific volume 

static pressure, bottom-hole 

static pressure, casing 

static pressure, tubing 

stream function 

surface tension (interfacial tension) 


temperature _ 

temperature, critical 

temperature, reduced 

temperature, standard conditions 

tension, surface (interfacial) 

thermal cubic expansion coefficient 

thickness, gross pay 

thickness, net pay 

time 

time, dimensionless 

tortuosity 

total initial gas in place in reservoir 

total moles 

total (two-phase) formation volume 
factor 

tubing pressure, flowing 

tubing pressure, static 

two-phase or total formation 
volume factor 

universal gas constant (per mole) 


vapor phase, mole fraction of 
component in 

vapor phase, moles of 

velocity 

viscosity 

viscosity, gas 

viscosity, kinematic 

viscosity, oil 

viscosity, water 

volume 

volume, bulk 

volume per mole 

volume, pore 

volume, solid 

volume, specific 

volumetric velocity (flow rate per 
unit area) 

water compressibility 

water density 

water, effective permeability to 

water formation volume factor 

water in place in reservoir, initial 

water influx (encroachment), 
cumulative 


AR 


Pws 
Pes 
Pts 


PSleap. 


o sigma 


ins 

o sigma 
B beta 
H 


h 
t 


L’t/m 
L’t/m 
L?/m 
m/Lt 
m/Lt 
m/Lt 
various 
m/t 


m/Lt 
m/Lt 


mL?/tT 


Pes m/Lt 
Det m/Lt 
Pt m/Lt 
Di m/Lt 
Pr m/Lt 
m/Lt 
Dae m/Lt 
m/Lt 
Des m/Lt m/Lt 
Die m/Lt 
Per m/Lt 
Dee m/Lt 
G, 
NGe 
N, 
AN, L* 
W,, 
AW, Vv 
R 
qd | 
dp 
Li/t 
Jo L*/t 
dw L*/t 
Lit/m 
L*t/m 
r T 
m/t 
he IE, 
he 18, 
L 
t 
qs L*/t tp 
e L*/t tau 
n 
B. 
u L/t 
Pet 
q Dis 
qv B, 
ew Ly t 
Li/t R 
V 
v L/t 
mu m/Lt 
Mu m/Lt 
vnu 
jlo MU m/Lt 
M MU m/Lt 
R V 
R, V, 
Vas 
V, 
k Z 
u L/t 
Cw Lt/m 
pw Tho 
p tho mL? 
Cr Lt/m By 
W 


water influx (encroachment) AW. 
during an interval 
water influx (encroachment) rate ew 


water injected, cumulative W, 

water injected during an interval AW; 
water injection rate iy 

water mobility Aw lambda 
water produced, cumulative W, 
atmospheric 


bottom-hole flowing (used with pressure only ) 
bottom-hole static (used with pressure only) 


bubble-point or saturation (except when used with b 


volume) 
bulk (used with volume only ) 


capillary (used in P, only) 

casing, flowing (used with pressure only ) 
casing, static (used with pressure only) 
critical 

cumulative influx (encroachment) 
cumulative injected 

cumulative produced 

dew-point 

differential separation 

dimensionless quantity 

encroachment or influx, cumulative 
external boundary conditions 

flash separation 

flowing, bottom-hole (used with pressure only ) 
flowing, casing (used with pressure only) 
flowing, tubing (used with pressure only) 
formation (rock) 

front or interface 

gas 

gas-oil solution (used in R, only) 
gas-water solution (used in R, only) 
influx (encroachment), cumulative 
initial value or conditions 
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L* water produced during aninterval A W,, toe 
water production rate dw EVE 
water, relative permeability to 
water saturation 
water saturation, critical Sex 
water saturation, residual 
L't/m water viscosity Mu m/Lt 
well radius L 
Subscripts 
a injected, cumulative i 
wf interface or front f 
ws liquid L 
maximum max 
minimum min 
b molal (used with volume only) M 
oil (0) 
cf pore (used with volume only) p 
produced, cumulative 
c 
reduced je 
relative 
residual 
P rock or formation f 
saturation or bubble-point (except when used with b 
D volume) 
separator conditions sp 
4 solid (used with volume only) S 
c solution, gas-oil (used in R, only) s 
i solution, gas-water (used in R,,, only) sw 
wt specific (used with J and /) s 
cf standard conditions sc 
tf static, bottom-hole (used with pressure only) ws 
f static, casing (used with pressure only) cs 
f static, tubing (used with pressure only) ts 
total t 
s tubing, flowing (used with pressure only ) tf 
Sw tubing, static (used with pressure only) ts 
water Ww 
i well conditions Ww 
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Letter Symbols for Petroleum Reservoir Engineering 


General quantities 


acceleration of gravity 
area 


average or mean value of a quan- 
tity x 

concentration 

difference between two values of x 

diffusion coefficient 

dimensionless quantity 
proportional to x 

fraction (such as the fraction of 
a flow stream consisting of a 
particular phase) 


length 
logarithm, common, base 10 
logarithm, natural, base e 


mass 

potential 

pressure, standard conditions 
resistivity’ (electrical) 

stream function 

temperature, standard conditions 
time 

time, dimensionless 

-velocity 


Subscripts 
dimensionless quantity 
front or interface 
gas 
initial value or conditions 
liquid 
maximum 
minimum 
oil 
relative 
standard conditions 
total 
water 


Fluid quantities and flow rates 


Quantities in Related Groups 


Quantities initially in place in reservoir 


gas (total) 
oil 
water 
ratio initial reservoir free gas 
volume to initial reservoir 
oil volume 
Produced during an interval 
gas 
oil 
water 
Produced cumulative 
gas 
oil 
water 
Injected during an interval 
gas 
water 


Dimensions 
L? 


[x] 


various 


[x] 


various 
m/Lt 
mL*/tQ’ 
various 


L/t 
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Injected, cumulative 


gas 
water W, 
Influx (encroachment) during an interval 
gas AG, 
oil AN, 
water AW, 
Influx (encroachment), cumulative 
gas Ge 
oil N, 
water 
Production rates, indices, ratios 
production rate qd 
dimensionless production rate qp 
gas production rate Vs 
oil production rate Jo 
water production rate Vw 
productivity index J 
specific productivity index Je 
producing gas-oil ratio R 
cumulative produced gas-oil Re 
ratio 
Injection rates and indices 
injection rate i 
gas injection rate be 
water injection rate Le 
injectivity index 
specific injectivity index 
Influx (encroachment) rates e 
gas 
oil e, 
water ew 
Miscellaneous rates 
volumetric velocity (flow rate u 
per unit area) 
Subscripts 
cumulative produced Pp 
cumulative injected 1 
cumulative influx (encroach- e 
ment) 
specific (used with J and /) S 
Reservoir and operating pressures 
atmospheric pressure Pa 
average or mean pressure p 
bottom-hole pressure, flowing Dice 
bottom-hole pressure, general De 
bottom-hole pressure, static Pws 
casing pressure, flowing Der 
casing pressure, static joke 
dimensionless pressure Po 
external boundary pressure Pe 
front or interface pressure Pr 
initial pressure Pi 
separator pressure Psp 
tubing pressure, flowing Pre 
tubing pressure, static Des 
Subscripts 
atmospheric a 


m/Lt 
m/Lt 
m/Lt 
m/Lt 
m/Lt 
m/Lt 


m/Lt 
m/Lt 
m/Lt 
m/Lt 
m/Lt 
m/Lf 


|_| 
L? 
Ax L 
D 3 
f 
m L't/m 
® phicay L't/m 
Pec 
p tho 
Vv PSleap. 
3 
t t 
t L*/t 
v | 
L*t/m 
D Ly 
f L*/t 
g 
i L*/t 
L 
max 
min 
Oo 
sc 
t 
Ww 
G 
N 
Ww 
m 
AG, 
AN, 
AW, 
N, 
W,, 
AG, 
AW, 
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bottom-hole flowing (used 
with pressure only) 
bottom-hole static (used 
with pressure only ) 
casing, flowing (used 
with pressure only) 
casing, static (used with 
pressure only) 
external boundary conditions 
front or interface 
initial value or conditions 
separator conditions 
tubing, flowing (used with 
pressure only) 
tubing, static (used with 
pressure only) 
well conditions 
Fluid properties 
pressure 
bubble-point (saturation) pressure 
critical pressure 
dew-point pressure 
reduced pressure 
volume 
specific volume 
volume per mole 
temperature 
critical temperature 
reduced temperature 
density 
gas density 
oil density 
water density 
viscosity 
gas viscosity 
oil viscosity 
water viscosity 
kinematic viscosity 
thermal cubic expansion coefficient 
compressibility : 
gas compressibility 
oil compressibility 
water compressibility 
gas deviation factor (compressi- 
bility factor, z = pV/nRT) 
universal gas constant (per mole) 
molecular weight 
mole fraction of a component in 
liquid phase 
mole fraction of a component in 
vapor phase 
mole fraction of a component in 
mixture 
equilibrium ratio (y/x) 
moles of liquid phase 
moles of vapor phase 
moles of mixture or total moles 
formation volume factor 
gas formation factor 
oil formation volume factor 
total (two-phase) formation 
volume factor 
water formation volume factor 
solution gas-oil ratio (gas solu- 
bility in oil) 
gas solubility in water 
Subscripts 
bubble-point or saturation 
(except with volume) 
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p rho 
Tho 
po Tho 
pw Tho 
Mu 
Mu 
Mu 
vnu 

B beta 


a 


critical 

dew-point 

differential separation 

flash separation 

gas-oil solution (used in R, 
only) 

gas-water solution (used in 
only) 

molal (used with volume only) 

reduced 


ie 


Geometrical quantities—reservoirs and cores 


length 

gross pay thickness 

net pay thickness 

depth 

radial distance 

well radius 

external boundary radius 

dimensionless radial distance 

area 

bulk volume 

pore volume 

solid volume 

formation (rock) compressibility 

absolute permeability 

porosity 

tortuosity 

Subscripts 
bulk (used with volume only) 
external boundary conditions 
formation (rock) 
pore (used with volume only) 
solid (used with volume only) 
well conditions 


Combination properties—depend on fluid and core 


saturation 
gas saturation 
critical gas saturation 
residual gas saturation 
oil saturation 
residual oil saturation 
water saturation 
critical water saturation 
residual water saturation 
effective permeability to gas 
effective permeability to oil 
effective permeability to water 
relative permeability to gas 
relative permeability to oil 
relative permeability to water 
mobility (k/) 
gas mobility 
oil mobility 
water mobility 
mobility ratio’ (A,/A:) 
surface tension (interfacial 
tension) 
capillary pressure 
hydraulic diffusivity (k/ocp or 
pc) 
Subscripts 
critical 
capillary (used in P. only) 
residual 
relative 


L 


h 
D 
r 


° 


4 


° 


4 


4 


lambda 
Az lambda 
A, lambda 
Aw lambda 
M 

o Sigma 


P. 
eta 


Lit/m 
L’t/m 
L*t/m 
L*t/m 


m/t 


m/Lt 


1See Notes, page 2 
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wi 
d 
d 
cf 
SW 
M 
f i 
sp a 
tf 
ts 
WwW 
Pp m/Lt 2 
2 D 
Do m/Lt A L? 
De m/Lt V, 
Da m/Lt V, L 
Dy V~. L* 
V Cr Lt/m 
k 
Vx ¢ phi 
2 T 7 tau 
m/L* 
m/L* 
m/L* 
m/L’ 
m/Lt 
m/Lt 
m/Lt 
1/T 
Lt’}/m 
Lt'/m 
Co Lt /m 
Cy Lt'/m 
R mL*/t’T = 
M m 2 
k, 
K 
| || 
- 


Standard 


Letter Symbols for Electric Logging 


Symbols in Alphabetical Order 


English 


d hole diameter 
D;,_ electrically equivalent diameter of the 
invaded zone 
e individual bed thickness 
electromotive force 
E. electrochemical component of the spon- 
taneous electromotive force, equals 
the electrochemical component of the 
spontaneous potential (self potential) 
when the bed is sufficiently thick 
E, electrokinetic component of the spon- 
taneous electromotive force, equals 
the electrokinetic component of the 
spontaneous potential (self poten- 
tial) when the bed is sufficiently thick 
F formation resistivity factor in general— 
equals R,/R,. (Numerical subscript 
indicates value of R,. For example, 
_F,; represents the value of the form- 
ation factor measured with R, = 
0.3.) 
Fim limiting value of formation resistivity 
factor when R,, approaches zero 
net pay thickness 
gross pay thickness 
resistivity index—equals R,./R, 
permeability 
coefficient in the equation of the elec- 
trochemical component of the spon- 
taneous electromotive force — 
m formation resistivity factor exponent 
n saturation exponent 
p pressure 
Q charge 
a apparent 
Cc electrochemic:1! 
g gas 
1 invaded zone 
k electrokinetic 
lim limiting value 
m ~mud 
mc mud cake 
mf mud filtrate 
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flushing has been maximum 


mL?/tQ’ 
mL*/tQ° 
mL*/tQ” 
mL’*/tQ° 
mL*/tQ° 
mL*/tQ° 


mL? 
/tQ” 


mL*/tQ’ 


tO°/mL* 


Dimensions r resistance 
it; R resistivity 
R, apparent resistivity 
IB, R, average resistivity of invaded zone 
L R,, mud resistivity 
mL*/tQ Rye mud cake resistivity 
mL*/t'Q Ry: mud filtrate resistivity 
R, resistivity of a formation 100 per cent 
saturated with water of resistivity R,, 
z R, _ resistivity of surrounding formations 
R. true formation resistivity 
mL /tQ R,, in the laboratory: resistivity of an elec- 
trolytic solution 
in the field: resistivity of interstitial 
water 
R,, resistivity of invaded zone close to the 
wall of the hole, where flushing has 
been maximum 
5 saturation 
S, gas saturation 
S, oil saturation 
water saturation 
tme mud cake thickness 
temperature 
Greek 
aalpha spontaneous electromotive force reduc- 
Z tion factor, equals the spontaneous 
‘ L potential (self potential) reduction 
mL*/tQ factor when the bed is sufficiently 
thick: ratio of the value of E. for a 
given shaly sand to the value of E. 
for a clean sand having the same in- 
terstitial water 
o sigma conductivity 
Q phi porosity 
Subscripts 
fe) formation 100 per cent saturated with water 
(used in R, only) 
fe) oil (except when used with resistivity ) 
S surrounding formations 
t true 
water 
xo invaded zone close to the wall of the hole where 
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Letter Symbols for Electric Logging 


Quantities in Alphabetical Order 


charge 

coefficient in the equation of electro- 
chemical component of the spon- 
taneous electromotive force 

conductivity 

electrochemical component of the 
spontaneous electromotive force, 
equals the electrochemical com- 
ponent of the spontaneous poten- 
tial (self potential) when the bed 
is sufficiently thick 

electrokinetic component of the 
spontaneous electromotive force, 
equals the electrokinetic com- 
ponent of the spontaneous poten- 
tial (self potential) when the bed 
is sufficiently thick 

electromotive force 

formation resistivity factor exponent 

formation resistivity factor in gen- 
eral—equals R,/Rw. (Numerical 
subscript indicates value of Rw. 
For example, F,; represents the 
value of formation factor meas- 
ured with R, = 0.3.) 

formation resistivity factor, limiting 
value of, when R, approaches 
zero 

hole diameter 

invaded zone, electrically equivalent 
diameter of 

permeability 

porosity 

pressure 

resistance 

resistivity 
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Dimensions 


Q Q 
K mL’*/t'Q 


o sigma tQ°/mL’ 
E. mL’/tO 


mL?/?Q 
m 

F 

im 

d 
IDE 
k E 
phi 

m/Lt 
r 
R mL*/tQ” 


resistivity, apparent 

resistivity, average, of invaded zone 

resistivity index—equals R,/R, 

resistivity, mud 

resistivity, mud cake 

resistivity, mud filtrate 

resistivity of a formation 100 
per cent saturated with water of 
resistivity Ry 

resistivity of an electrolytic solution 
—in the laboratory 

resistivity of interstitial water—in 
the field 

resistivity of invaded zone close to 
the wall of the hole, where flush- 
ing has been maximum 

resistivity, surrounding formations 

resistivity, true formation 

saturation 

saturation exponent 

saturation, gas 

saturation, oil 

saturation, water 

spontaneous electromotive force re- 
duction factor, equals the spon- 
taneous potential (self potential) 
reduction factor when the bed is 
sufficiently thick: ratio of the 
value of E, for a given shaly sand 
to the value of E. for a clean sand 
having the same interstitial water 


temperature 

thickness, gross pay 
thickness, individual bed 
thickness, mud cake 
thickness, net pay 


a 


rams 


alpha 


mL? /tQ” 
mL? /tQ’ 


mL*/tQ’ 
mL*/tQ° 
mL‘/tQ” 
mL*/tQ” 
mL‘ 
mL*/tQ° 
mL*/tO° 


mL’ /tQ 
mL*/tQ’ 
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R, 
R; 
Rat 
R, 
Re 
Re 
Re 
| 


INDEX 


Petroleum Transactions, Volume 207 
(Plus References to Technical Notes Published in Journal 
of Petroleum Technology in 1956) 


A 


AQUIFERS. See Reservoirs 


ARONOFSKY, J. S., and RAMEY, H. J. Jr.: Mobility Ratio 
—TIts Influence on Injection or Production 
Histories in Five-Spot Waterflood, 205 (Sept. 
JPT); discussion, 291 


Arps, J. J.: Estimation of Primary Oil Reserves, 182 
(Aug. JPT) 


B 


BARDEEN, T., and TEPLiTz, A. J.: Lost Circulation In- 
formation with New Tool for Detecting 
Zones of Loss, 36 (Feb. JPT) 


BARIUM HYDROXIDE: in drilling muds to prevent high- 
temperature solidification, 252 (Nov. JPT) 


BARRETT, Mary, and Rose, WALTER: Programming Res- 
ervoir Problems on the Electric Analyzer, 
(Tech. Note), 299 


Bass, D. M. Jr., and CRAWFORD, P. B.: Experimental 
Waterflooding Recoveries at Pressures Above 
and Below the Bubble Point, (Tech. Note) 
293 


Berry, V. J., et al.: Discussion on Wettability vs Dis- 
placement in Waterflooding in Unconsoli- 
dated Sand Columns (Vol. 204), 61 (March 
JPT) 


Bertuzzi, A. F., et al.: Simultaneous Flow of Liquid 
and Gas Through Horizontal Pipe, 17 (Jan. 
JPT) 


BINKLEY, G. W., et al.: Accelerated Squeeze-cementing 
Technique, 25 (Jan. JPT) 


Lightweight, Low Water-Loss, Oil Emulsion Ce- 
ment for Use in Oil Wells, 99 (May JPT) 


BRADLEY, H. B., et al.: Scale Limitations in Potentio- 
metric Model Construction, 200 (Aug. JPT) 


VOL. 207, 1956 


BRANNON, H. R. Jr., and Ososa, J. S.: Spectral Gamma- 
ray Logging, 30 (Feb. JPT) 


Brooks, F. A. JR., et al.: Accelerated Squeeze-cementing 
Technique, 25 (Jan. JPT) 


Lightweight, Low Water-Loss, Oil-Emulsion Ce- 
ment for Use in Oil Wells, 99 (May JPT) 


Brown, R. J. S. and Fatt, IRvING: Measurements of 
Fractional Wettability of Oilfield Rocks by 
Nuclear Magnetic Relaxation Method, 262 
(Nov. JPT) 


Bucker, H. P. Jr., et al.: A Simplified Pore Size Dis- 
tribution Apparatus, (Tech. Note), 306 


Burrows, D. B., and ConLEy, F. R.: A Centrifuge Core 
Cleaner, (Tech. Note), 343 


Burton, M. B. JR., and CRAWForRD, P. B.: Application 
of the Gelatin Model for Studying Mobility 
Ratio Effects, (Tech. Note), 333; discus- 
sion, 336 


C 


CALCIUM CHLORIDE: accelerator in squeeze cementing, 
25 (Jan. JPT) 


CALCIUM LIGNOSULFONATE. See Lignosulfonate 


CAMPBELL, J. M. and Portman, W. E.: Effect of Pres- 
sure, Temperature and Wellstream Com- 
position on Quantity of Stabilized Separator 
Fluid, a Note), 308 


Canapa: heavy black oils: sedimentation in emulsions 
of water in petroleum, laboratory study, 
(Tech. Note), 327 


CARPENTER, D. W., et al.: Discussion on Network Model 


of Porous Media, 179 (July JPT) 


CEMENT: for deep wells: pozzolanic for use at tempera- 
tures above 140°F, 59 (March JPT) 


377 


CEMENTING: calcium chloride as accelerator in squeeze 
cementing, 25 (Jan. JPT) 
squeeze. See Squeeze 


CEMENT SLURRIES: mechanical blender for pozzolan- 

lime, 61 (March JPT) 

oil emulsion with calcium lignosulfonate for pri- 
mary and permanent squeeze cementing, 99 
(May JPT) 

CENTRIFUGE: core cleaner, (Tech. Note), 343 

determining gravity drainage characteristics from 

reconstituted core samples, 88 (Apr. JPT) 
automatic for multi-pool reservoir, 73 (March 

JPT) 

ConLEY, F. R., and Burrows, D. B.: A Centrifuge Core 
Cleaner, (Tech. Note), 343 

Con_LeyY, F. R., et al.: A Simplified Pore Size Distribution 
Apparatus, (Tech. Note), 306 

CoRE CLEANER, centrifuge, (Tech. Note), 343 

Cores: analysis: pore size distribution, apparatus for de- 
termining, (Tech. Note), 306 

centrifuge drainage measurements, 88 (Apr. PAs) 
evaluating effects of free gas on waterflooding, BAS 
(Sept. JPT) 

Corey, A. T., et al.: Three-Phase Relative Permeability, 
(Tech. Note), 349 

Corey, A. T., and RaTHsens, C. H.: Effect of Stratifi- 
cation on Relative Permeability, (Tech. 
Note), 358 

CraFT, B. C., et al.: Reservoir Mechanism of Sulfur Re- 
covery, 246 (Nov. JPT) 

CraiG, F. F. Jr., and GEFFEN, T. M.: Determination of 
Partial Pressure Maintenance Performance 
by Laboratory Flow Tests, 42 (Feb. JPT) 

Craic, F. F. Jr.: Discussion on Mobility Ratio — Its 
Influence on Injection or Production His- 
tories in Five-Spot Water Flood, 205 (Sept. 

CRAWFORD, P. B., and Bass, D. M. Jr.: Experimental 
Waterflooding Recoveries at Pressures Above 
and Below the Bubble Point, (Tech. Note) 
293 

CRAWFORD, P. B., and Burton, M. B. Jr.: Application 
of the Gelatin Model for Studying Mobility 
Ratio Effects, (Tech. Note), 333; discus- 
sion, 336 


Crews, Lewis: Discussion on New Material for Deep 
Well Cementing, 63 (March JPT) 


Cross, G. A., et al.: Theory of Dimensionally Scaled 
Models of Petroleum Reservoirs, 118 (June 
JPT) 

CRUDE OIL: cloud points: determination by viscosity- 
temperature curves, (Tech. Note), 327 

Crump, J. S., and STongE, H. L.: Effect of Gas Compo- 
sition upon Oil Recovery by Gas Drive, 105 
(May JPT) 

CULLENDER, M. H., and SmitTH, R. V.: Practical Solu- 
tion of Gas-Flow Equations for Wells and 


Pipelines with Large Temperature Gra- 
dients, 281 (Dec. JPT) 


378 


D 


Darcy, HENRY: 
his own work in formulating Darcy’s law, 222 


(Oct, 

Darcy’s LAW: derivation from Navier-Stokes equation, 
227 (Oct-JPT) 

Darey, H. C. H., and GENERES, R. A.: Use of Barium 
Hydroxide in Drilling Muds, 252 (Nov. 
JPT) 

DECLINE CURVE ANALYSIS: equations for decline as an 
infinite series, 11 (Jan. JPT) 


predicting future production rate by analysis of past 
production after decline is established, 11 
(Jan. JPT) 

predicting maximum production rate against cumu- 
lative production, 11 (Jan. JPT) 

Deity, F. H., et al.: Development and Testing of Jet 
Pump Pellet Impact Drill Bits, 1 (Jan. TR) 
discussion, 9 (Jan. JPT) 

Dewan, J. T.: Neutron Log Correction Charts for Bore- 
hole Conditions and Bed Thickness, 50 (Feb. 
IPE) 

De Witte, A. J.: Graphic Method of Dipmeter Inter- 
pretation Using the Stereo-Net, 192 (Aug. 
JPT) 

DIPMETER LOGS: computing the dip: graphic method 
using the stereo-net, 192 (Aug. JPT) 

DRAINAGE: gravity: determining characteristics on cen- 
trifuge from reconstituted core samples, 88 

(Apr. JPT) 

DRILL Bits: jet pump pellet drilling: design, construc- 

tion and performance, 1 (Jan. JPT) 


life in holes of different diameters in soft rock op- 
erations, 80 (Apr. JPT) 


DRILLING: 
pellet. See Pellet 
rate: in soft rock: factors influencing in holes of dif- 
ferent diameters, 80 (Apr. JPT) 
small diameter holes: in soft rock: engineering ap- 
praisal, 80 (Apr. JPT) 
soft rock: rate and life of bits, 80 (Apr. JPT) 
DRILLING Mup: barium hydroxide to prevent high-tem- 
perature solidification, 252 (Nov. JPT) 
bottom-hole filtration, (Tech. Note), 312 
DUMBAULD, G. K., et al.: Accelerated Squeeze-cement 
ing Technique, 25 (Jan. JPT) 
Lightweight, Low Water-Loss, Oil-Emulsion Ce- 
ment for Use in Oil Wells, 99 (May JPT) 
DuTTon, GRANVILLE, et al.: Determination of Water- 
injection Program for Delhi Field by Means 


of Automatic Multi-Pool Analyzer, 73 
(March JPT) 


DyKSTRA-PARSONS METHOD OF PREDICTING WATER-FLOOD 
OIL RECOVERY: simplified graphical treat- 
ment, (Tech. Note), 345 


PETROLEUM TRANSACTIONS, AIME 


E 


FCKEL, J. E., et al.: Development and Testing of Jet 
Pump Pellet Impact Drill Bits, 1 (Jan. JPT); 
discussion, 9 (Jan. JPT) 


ELECTRIC ANALYZER: programming reservoir problems 
for solution (Tech. Note), 299 


ELECTRIC LOGGING: letter symbols, standard, Oct. JPT 
363 


transients applied: study of four-electrode array, 
(Tech. Note), 299 


ELECTRIC LOGS: 
interpretation in water- Saturated formations: effect 
of clay and water salinity, 65 (March JPT) 


ELECTRONIC ANALOG: application to water-coning prob- 
lem in oil wells, 240 (Oct. JPT) 


investigation of flow of fluids in oil zones, 244 (Oct. 
JPT) 


Exuis, H. E., et al.: Determination of Water-Injection 
Program for Delhi Field by Means of Auto- 
matic Multi-Pool Analyzer, 73 (March 
JPT) 


EMULSIONS: water in petroleum: sedimentation, labora- 
tory study, (Tech. Note), 327 


ESTES, R. K., and Futton, P. F.: Gas Slippage and 
Permeability Measurements, (Tech. Note) 
338 


F 


FaTtT, IRVING: Network Model of Porous Media, I — 
Capillary Pressure Characteristics, 144 (July 
JPT); discussion, 179, 181 (July JPT) 


II — Dynamic Properties of a Single Size Tube 
Network, 160 (July JPT); discussion, 179, 
181 (July JPT) 


III — Dynamic Properties of Networks with Tube 
Radius Distribution, 164 (July JPT); dis- 
cussion, 179, 181 (July JPT) 


FATT, IRVING, and BROowN, R. J. S.: Measurements of 
Fractional Wettability of Oilfield Rocks by 
Nuclear Magnetic Relaxation Method, 262 
(Nov. JPT) 


FAULK, J. H.: Engineering Appraisal of Small Diameter 
Hole Drilling in Soft Rock Operations, 80 
(Apr. JPT) 


FELSENTHAL, MarTIN, et al.: Conditioning of Pacific 
Ocean Water for Waterflood Injection, 
(Tech. Note), 322 


Simplified Pore Size Distribution Apparatus, (Tech. 
Note), 306 


FiscHer, M. J., and MatrueEws, C. S.: Effect of Dip 
on Five-Spot Sweep Pattern, 111 (May JPT) 


FLow (see also Fluid Flow): determination of partial 
pressure maintenance by dispersed gas drive 


VOL. 207, 1956 


in sandstone-type porosity systems, 42 (Feb. 
IPT) 


fluids or gases through consolidated formations: 
friction factor plot, (Tech. Note), 352 


fluids through porous solids: field equations based 
on Darcy’s law, 222 (Oct. JPT) 


gas-oil: gas-drive method of determining relative 
permeability relationships, 275 (Dec. JPT) 


gas through porous media: permeability measure- 
ments, effect of gas slippage, (Tech. Note) 
338 


FLOWMETER: for measuring subsurface liquid flow rates: 
self-contained, run on piano wire line, (Tech. 
Note), 316 


FLUID FLow: field equations of underground fluids, based 
on Darcy’s law, 222 (Oct. JPT) 


oil-water displacements in microscopic capillaries, 
IP) 


through consolidated formations, friction factor 
plot, (Tech. Note), 352 


two-phase in horizontal pipe: pressure drop; graph- 
ical method of prediction for field use, 17 
(Jan JPT) 


FuLton, P. F., and Estrs, R. K.: Gas Slippage and 
Permeability Measurements, (Tech. Note) 
338 


G 


GAMMA-RAY LOGGING. See Well Logging 


Gas: flow through consolidated formations, friction fac- 
tor plot, (Tech. Note), 352 


flow through porous media: permeability measure- 
ments, effect of gas slippage, (Tech. Note) 
338 


Gas DRIVE: oil recovery: effect of gas composition, lab- 
oratory study, 105 (May JPT) 


Gas DRIVE method of determining relative permeability 
relationships, 275 (Dec. JPT) 


Gas WELLS (see also Natural Gas): pressure: equations 
based on mechanical energy balance, 281 
(Dec. JPT) 


GatEs, J. I.: Discussion on Network Model of Porous 
Media, 177 (July JPT) 


GEERTSMA, J., et al.: Theory of Dimensionally Scaled 
Models of Petroleum Reservoirs, 118 (June 
JPT) 


GEFFEN, T. M., and Craic, F. F. JR.: Determination of 
Partial Pressure Maintenance Performance 
by Laboratory Flow Tests, 42 (Feb. JPT) 


GEFFEN, T. M., et al.: Discussion on Wettability vs Dis- 
placement in Waterflooding in Unconsoli- 
dated Sand Columns (Vol. 204), 61 (March 
JPT) 


379 


GENERES, R. A., and DaRLEy, H. C. H.: Use of Barium 
Hydroxide in Drilling Muds, 252 (Nov. 
JPT) 


GRAVITY DRAINAGE: depletion-type reservoirs in stripper 
stage: model study, 265 (Dec. JPT) 


reservoir pressure maintained by gas injection: 
prediction of pool behavior, 136 (June JPT) 


H 


Havenaar, Izaak: Mud Filtration at the Bottom of the 
Borehole, (Tech. Note), 312 


Hawkins, M. F. Jr.: A Note on the Skin Effect, (Tech. 
Note), 356 


Hawkins, M. F. Jr., et al.: Reservoir Mechanism of Sul- 
fur Recovery, 246 (Nov. JPT) 


HELLER, J. P.: Discussion on Gelatin Model for Studying 
Mobility Ratio Effects. (Tech. Note), 336 


HELLER, J. P., et al.: Scale Limitations in Potentiometric 
Model Construction, 200 (Aug. JPT) 


HENDERSON, J. H., et al.: Three-Phase Relative Permea- 
bility, (Tech. Note), 349 


H. J., and J. D.: Effect-of Clay and 
Water Salinity on Electrochemical Behavior 
of Reservoir Rocks, 65 (March JPT) 


Hosson, G. D., and Mrosovsky, I.: Material Balance 
| Above the Bubble Point, (Tech. Note), 347 


Hopcson, G. W., and TipMAN, Epwarp: Sedimentation 
in Emulsions of Water in Petroleum, (Tech. 
Note), 327 


HOLLAND, D. W.: Discussion on New Material for Deep 
Well Cementing, 63 (March JPT) 


Howarp, D. S.Jr., and RACHForRD, H. H. JR.: Compari- 
son of Pressure Distribution during Deple- 
tion of Tilted and Horizontal Aquifers, 92 
(Apr. JPT) 

HowE Lt, J. N., and JEssEN, F. W.: Determination of 
Viscosity-Temperature Relationship for 
Crude Oils with the Ultra-Viscoson, (Tech. 
Note), 330 


HuBBERT, M. KiNG: Darcy’s Law and the Field Equa- 
tions of the Flow of Underground Fluids, 
222 (Oct. JPT) 


HUTCHINSON, T. S., and Kemp, C. E.: Extended Analysis 
of Bottom Water Drive Reservoir Perform- 
ance, 256 (Novy. JPT) 


J 


JESSEN, F. W., and Howe tt, J. N.: Determination of 
Viscosity-Temperature Relationship for 
Crude Oils with the Ultra-Viscoson, (Tech. 
Note), 330 


380 


JoHNSON, C. A., and Lairp, A. D. K.: Drag Forces on an 
Accelerated Cylinder, (Tech. Note), 313 

JOHNSON, C. E. Jr.: Prediction of Oil Recovery by Water 
Flood — Simplified Graphical Treatment of 
Dykstra-Parsons Method, (Tech. Note), 
345 

JosENDAL, V. A.: Discussion on Network Model of 
Porous Media, 178 (July JPT) 


K 


Karp.us, W. J.: Water Coning before Breakthrough — 
an Electronic Analog Treatment, 240 (Oct. 
JPT) 

Karp.us, W. J., and SmitH, O. J. M.: Application of 
Electrical Transients to Well Logging, (Tech. 
Note), 296 

Kemp, C. E., and HUTCHINSON, T. S.: Extended Analysis 
of Bottom Water Drive Reservoir Perform- 
ance, 256 (Nov. JPT) 

Knutson, C. F., et al.: Conditioning of Pacific Ocean 
Water for Waterflood Injection, (Tech. 
Note), 322 

KoELLeEr, R. C.: Discussion on Mobility Ratio — Its In- 
fluence on Injection or Production Histories 
in Five-Spot Water Flood, 205 (Sept. JPT) 

Kyte, J. R., et al.: Mechanism of Water Flooding in 
Presence of Free Gas, 215 (Sept. JPT) 


L 


Lairp, A. D. K., and JoHNSON, C. A.: Drag Forces on 
an Accelerated Cylinder, (Tech. Note), 313 

LAMOREAUX, W. E., et al.: Evaluation of a Gas Drive 
Method for Determining Relative Perm- 
eability Relationships, 275 (Dec. JPT) 

Leacn, R. O., et al.: Discussion on Wettability vs Dis- 
placement in Waterflooding in Unconsoli- 
dated Sand Columns (Vol. 204), 61 (March 
JPT) 

LEDGERWOOD, L. W. JrR., et al.: Development and Test- 
ing of Jet Pump Pellet Impact Drill Bits, 1 
Jan. JPT); discussion, 9 (Jan. JPT) 

LerKovits, H. C., and MatrHews, C. S.: Gravity 
Drainage Performance of Depletion-Type 
Reservoirs in the Stripper Stage, 265 (Dec. 
JPT) 

LIGNOSULFONATE: Calcium: in oil-emulsion cement, 99 
(May JPT) 

LouIsIANA: Holt-Bryant reservoir: determination of 
water-injection program by automatic multi- 
pool analyzer, 73 (March JPT) 

LOST CIRCULATION: velocity indicator, new tool for de- 
tecting zones of loss, with field examples of 
work, 36 (Feb. JPT) 

Luna, J. D., et al.: Conditioning of Pacific Ocean Water 
for Waterflood Injection, (Tech. Note), 
322 


PLTROLEUM TRANSACTIONS, AIME 


M 


Marx, J. W.: Determining Gravity Drainage Character- 
istics on the Centrifuge, 88 (Apr. JPT) 

MATERIAL BALANCE EQUATION: expansion-type reservoirs 
above bubble point: clarification of relation- 
ship derived by Hall and Hawkins, (Tech. 
Note), 347 

MATTHEws, C. S., and FiscHer, M. J.: Effect of Dip on 
Five-Spot Sweep Pattern, 111 (May JPT) 

MATTHEws, C. S., and LeFkovits, H. C.: Gravity Drain- 
age Performance of Depletion-Type Reser- 
voirs in the Stripper Stage, 26S (Dec. JPT) 

McGHEE, JOHN, et al.: Reply to Discussion on Wettabil- 


ity vs Displacement (Vol. 204), 62 (March 


JPT) 


MeapD, H. N.: Modifications to Decline Curve Analysis, 
11 Gan. JPL) 


Meyer, H. I., and Searcy, D. F.: Analog Study of Water 
Coning, (Tech. Note), 302 


MILBURN, J. D., and Hiri, H. J.: Effect of Clay and 
Water Salinity on Electrochemical Behavior 
of Reservoir Rocks, 65 (March JPT) 

MopbeLs: depletion-type reservoir for study of gravity 
fof drainage performance, 265 (Dec. JPT) 
gelatin: application for studying mobility ratio et- 

fects, (Tech. Note), 333 


gravity drainage reservoir, 136 (June JPT) 


network of tubes representing porous media: dynam- 
ic properties of single size tube network, 144 
(July JPT) 
dynamic properties of networks with tube ra- 
dius distribution, 164 (July JPT) 


study of structure of porous media, 144 (July 
IPT) 
petroleum reservoirs: dimensionally scaled, theory, 
118 (June JPT) 


potentiometric: 
mobility ratio study: five-spot waterflood, 205 
(Sept. JPT) 


scale limitations in construction, 200 (Aug. 
JPT) 
sulfur wells: construction, 249 (Nov. JPT) 


Moraan, B. E., et al.: Lightweight, Low Water-Loss, Oil- 
Emulsion Cement for Use in Oil Wells, 99 
(May JPT)-- 


Moscrip, RoBerT III, and Wooppy, L. D. Perform- 
ance Calculations for Combination Drive 
Reservoirs, 128 (June JPT) 


Mrosovsky, I., and Hopson, G. D.: Material Balance 
Above the Bubble Point, (Tech. Note), 347 


N 


NATURAL GAS: pressures in wells and horizontal pipe- 
lines: equations based on mechanical en- 


VUL, 207, 1956 


ergy balance, 281 (Dec. JPT) 


NAVIER-STOKES EQUATION: derivation of Darcy’s law, 
227 (Oct IPT) 


NEUTRON LOG: correction charts for borehole conditions 
and bed thickness, 50 (Feb. JPT) 


shape of curve at formation boundary, 50 (Feb. 
JPT) 


NEWCOMBE, JACK, et al.: Reply to Discussion on Wetta- 
bility vs Displacement (Vol. 204), 62 
(March JPT) 


Newman, J. L., et al.: Flowmeter for Measuring Sub- 
surface Flow Rates, (Tech. Note), 316 ; 


NisLe, R. G.: Effect of Short Term Shut-in on Subse- 
quent Pressure Build-up Test on Oil Well, 
(Tech. Note), 320 

NUCLEAR MAGNETIC RELAXATION: measurement of frac- 
tional wettability of oilfield rocks, 262 (Nov. 
JPT) 


theory, 262 (Nov. JPT) 


O 


OpEH, A. S., et al.: Scale Limitations in Potentiometric 
Model Construction, 200 (Aug. JPT) 


OFFSHORE DRILLING: design of structures: drag forces 
on an accelerated cylinder, (Tech. Note) 
313 


OIL RECOVERY: by waterflooding: predicting by simpli- 
fied graphical treatment of Dykstra-Parsons 
method, (Tech. Note), 345 

OIL RESERVES. See Petroleum Reserves 


Ososa, J. S., and BRANNON, H. R. JRr.: Spectral Gamma- 
ray Logging, 30 (Feb. JPT) 
Owens, W. W., et al.: Evaluation of a Gas Drive 


Method for Determining Relative Perm- 
eability Relationships, 275 (Dec. JPT) 


PaRRISH, D. R., et al.: Evaluation of a Gas Drive Method 
for Determining Relative Permeability Re- 
lationships, 275 (Dec. JPT) 


PATTERSON, O. L., et al.: Determination of Water-Injec- 
tion program for Delhi Field by Means of 
Automatic Multi-Pool Analyzer, 73 (March 
JPT) 


PELLET IMPACT DRILLING: drill bit: design, construction 
and performance, | (Jan. JPT) 


process: experimental laboratory work and ana- 
lytical procedures, 1 (Jan. JPT) 


Perry, D., et al.: Accelerated Squeeze-cementing Tech- 
nique, 25 (Jan. JPT) 


PETROLEUM RESERVES: primary: methods for estimat- 
ing: principles and change during life cycle 


381 


of oil property, 182 (Aug. JPT) 


PIPELINES: gas: pressures in horizontal lines: equations 
based on mechanical energy balance, 281 


PorTMAN, W. E., and CAMPBELL, J. M.: Effect of Pres- 
sure, Temperature and Wellstream Compo- 
sition on Quantity of Stabilized Separator 
Fluid, (Tech. Note), 308 


Porous MEDIA: capillary pressure characteristics: study 
with model of network of tubes, 144 (July 


flow properties: dynamic properties of networks 
with tube radius distribution, 164 (July JPT) 


study with model of network of tubes, 160 
(July JPT) 


PoETTMANN, F. H., et al.: Simultaneous Flow of Liquid 
and Gas Through Horizontal Pipe, 17 (Jan. 
JPT) 


Prats, M.: Breakthrough Sweep Efficiency of Staggered 
Line Drive, (Tech. Note), 361 


PRESSURE BUILD-UP TEST ON OIL WELL: effect of short 
term shut-in: derivation of curve, (Tech. 
Note), 320 


PRESSURE MAINTENANCE: partial, by dispersed gas drive 
in sandstone-type porosity, laboratory flow 
tests, 42 (Feb. JPT) ; 


R 


RACHEFORD, H. H. Jr., and Howarp, D. S. JR.: Compari- 
son of Pressure Distributions during De- 
pletion of Tilted and Horizontal Aquifers, 92 
(Apr. JPT) 


RamMey, H. J. Jr:, and ArRonorsky, J. S.: Mobility Ratio 
—Its Influence on Injection or Production 
Histories in Five-Spot Waterflood, 205 (Sept. 
JPT); discussion, 291 

Rapoport, L. A., et al.: Mechanism of Water Flooding 
in Presence of Free Gas, 215 (Sept. JPT) 

RATHJENS, C. H., and Corey, A. T.: Effect of Stratifi- 
cation on Relative Permeability, (Tech. 
Note), 358 

RATHJENS, C. H., et al.: Three-Phase Relative Permeabil- 
ity, (Tech. Note), 349 

RAYNE, J. R., et al.: Reservoir Mechanism of Sulfur Re- 
covery, 246 (Nov. JPT) 

RELATIVE PERMEABILITY: calculating oil and water per- 
meabilities of three-phase systems from 
measured gas relative permeability, (Tech. 
Note), 349 


three-phase: tests on water-wet consolidated sand- 
stone samples, (Tech. Note), 349 


effect of stratification of reservoir rock, (Tech. 
Note), 358 


relationships: determining by gas-drive method, 


382 


RESERVOIR ENGINEERING: 
letter symbols, standard, Oct. JPT, 363 


RESERVOIR PERFORMANCE: bottom water drive: analysis 


and methods of calculating volumetric 
sweepout, water-oil ratio and rate relations, 
256 (Nov. JPT) 


calculations for combination drive, 128 (June JPT) 
decline curve analysis. See Decline 


prediction for gravity drainage pool where pressure 
is maintained by gas injection, 136 (June 
JPT) 


pressure drop: skin effect, (Tech. Note) 356 


sandstone-type porosity systems: prediction, labora- 
tory flow-test determination of partial pres- 
sure maintenance by dispersed gas drive, 42 
(Feb. JPT) 


RESERVOIR ROCKS: clean or shaly: effective clay content, 
65 (March JPT) 


electrochemical behavior: effect of clay and water 
salinity, 65 (March JPT) 


stratification: effect on relative permeability, 
(Tech. Note), 358 


wettability: fractional: measurement by nuclear 
magnetic relaxation method, 262 (Nov. JPT) 


RESERVOIRS: aquifers, tilted and horizontal: pressure dis- 
tributions during depletion: equations, 92 

(Apr. JPT) 
expansion type, newly discovered, estimation of 
size by material balance equation: clarifi- 


cation of those derived by Hall and Hawkins, 
(Tech. Note), 347 
models: dimensionally scaled, theory, 118 (June 

JPT) 

RosgE, WALTER, and BARRETT, Mary: Programming Res- 
ervoir Problems on the Electrical Analyzer, 
(Tech. Note), 299 

Rose, W. D., et al.: Discussion on Network Model of 
Porous Media, 179 (July JPT) 


RusHING, S. S. Jr., and TEMPLETON, C. C.: Oil-Water 
Displacements in Microscopic Capillaries, 


Rzasa, M. J., et al.: Reply to Discussion on Wettability 
vs Displacement (Vol. 204), 62 (March 


S 


SALT WATER: conditioning Pacific Ocean water for water- 
flood injection, (Tech. Note), 322 


SAUDER, H. L., et al.: Flowmeter for Measuring Subsur- 
face Flow Rates, (Tech. Note), 316 


SCHWARZ, N.: Theory of Dimensionally Scaled Models 
of Petroleum Reservoirs, 118 (June JPT) 


SCINTILLATION COUNTER USED IN GAMMA-RAY WELL LOG- 
GING, 30 (Feb. JPT) . 


PETROLEUM TRANSACTIONS, AIME 


SEARCY, D. F., and Meyer, H. I.: Analog Study of Water 
Coning, (Tech. Note), 302 


SEDIMENTATION: emulsions of water in petroleum, lab- 
oratory study, (Tech. Note), 327 
SEPARATION: 
stock tank fluid produced by stabilization of first 
stage separator fluid; charts for predicting 
amount, (Tech. Note), 308 


SHREVE, D. R., and Wetcu, L. W. Jr.: Gas Drive and 
Gravity Drainage Analysis for Pressure 
Maintenance Operations, 136 (June JPT) 

SKIN EFFECT. See Reservoir Performance 


Situ, D. K.: A New Material for Deep Well Cement- 
ing, 59 (March JPT) 


O. J. M., and Karpius, W. J.: Application-of 
Electrical Transients to Well Logging, (Tech. 
Note), 296 


SMITH, R. V., and CULLENDER, M. H.: Practical Solu- 
tion of Gas-Flow Equations for Wells and 
Pipelines with Large Temperature Gra- 
dients, 281 (Dec. JPT) 


SQUEEZE CEMENTING SLURRIES. See Cement Slurries 


STANCLIFT, R. J. JR., et al.: Mechanism of Water Flood- 
ing in Presence of Free Gas, 215 (Sept. 
JPT) 

STEPHAN, S. C. JR., et al.: Mechanism of Water Flood- 
ing in Presence of Free Gas, 215 (Sept. JPT) 

_-STEREO-NET: use in computing the dip from dipmeter 
points, 192 (Aug. JPT) 

STONE, H. L., and Crump, J. S.: Effect of Gas Composi- 
tion upon Oil Recovery by Gas Drive, 105 
(May JPT) 

STUTZMAN, L. F., and THopos, GEORGE: Adaptation of 
Friction Factors to Flow of Fluids Through 
Consolidated Formations, (Tech. Note) 


SupBury, J. D., et al.: Conditioning of Pacific Ocean 
Water for Waterflood Injection, (Tech. 
Note), 322 


SULFUR: recovery by Frasch process: reservoir mecha- 
nism, 246 (Nov. Ps) 


SULFUR WELLS: models: construction and tests of re- 
covery mechanism, 249 (Nov. JPT) 


SYMBOLS: letter: for petroleum reservoir engineering, 
standard, Oct. JPT, 363 


Tek, M. R., et al.: Simultaneous Flow of Liquid and 
Gas Through Horizontal Pipe, 17 (Jan. 
JPT) 

TEMPLETON, C. C., and RUSHING, S. S. JR.: Oil-Water 
Displacements in Microscopic Capillaries, 
211 (Sept. JPT) 


TeEpuitz, A. J., and BARDEEN, T.: Lost Circulation Infor- 


VOL. 207, 1956 


mation with New Tool for Detecting Zones 
of Loss, 36 (Feb. JPT) 


THopos, GEORGE, and STUTZMAN, L. F.: Adaptation of 
Friction Factors to Flow of Fluids Through 
Consolidated Formations, (Tech. Note) 
B57) 


TIPMAN, EpWarpb, and Hopcson, G. W.: Sedimentation 


in Emulsions of Water in Petroleum, (Tech. 
Note), 327 


TRUE, R. W.: Discussion on Development and Testing of 
Jet Pump Pellet Impact Drill Bits, 9 (Jan. 
JPT) 


U 


ULTRA-VISCOSON: determination of viscosity-tempera- 
ture relationship for crude oil, (Tech. Note) 
320 


W 


WADDELL, COURTNEY, et al.: Flowmeter for Measuring 
Subsurface Flow Rates, (Tech. Note), 316 


WATER CONING: analog study, (Tech. Note), 302 


before breakthrough: electronic analog treatment, 
240 (Oct. JPT) 


WATER DRIVE: bottom: analysis of reservoir perform- 
ance, 256 (Nov. JPT) 


calculating volumetric sweepout, water-oil ra- 
tio, and rate relations, 256 (Nov. JPT) 


WATERFLOODING (see also Water Drive): conditioning 
of Pacific Ocean water for injection, labora- 
tory and field studies, (Tech. Note), 322 


determination of water-injection program by auto- 
matic multi-pool analyzer, 73 (March JPT) 


five-spot: influence of mobility ratio on injection or 
production histories, 205 (Sept. JPT) 


mobility ratio, influence on injection or produc- 
tion histories, 205 (Sept. JPT) 


sweep pattern, effect of dip, laboratory experi- 
ments, 111 (May JPT) 


free gas: effects, core tests, 215 (Sept. JPT) 

mechanism of water in free gas, 215 (Sept. JPT) 

mobility ratio: study of effects with gelatin model, 
(Tech. Note), 333 

oil recovery: prediction by simplified graphical 
treatment of Dykstra-Parsons method, 
(Tech. Note), 345 


staggered line: breakthrough sweep efficiency, cal- 
culation using proper shape of breakthrough 
streamline, (Tech. Note), 361 


383 


unconsolidated sand: wettability vs displacement, 61 
(March JPT) 


variations in oil recovery caused by initiating pro- 
gram at various stages of primary depletion 
of acore, (Tech. Note), 293 


WAVE ACTION: drag forces on an accelerated cylinder, 
(Tech. Note), 313 


WELCH, L. W., Jr., and SHREVE, D. R.: Gas Drive and 
Gravity Drainage Analysis for Pressure 
Maintenance Operations, 136 (June JPT) 

WELL COMPLETION: 

squeeze-cementing technique using calcium chloride 
as accelerator, 25 (Jan. JPT) 


384 


WELL LOGGING: application of electrical transients, 
(Tech. Note), 296 


gamma-ray: spectral, 30 (Feb. JPT) 
WELL LoGs: electric. See Electric 


WITHERSPOON, P. A., et al.: Discussion on Network 
Model of Porous Media, 179 (July JPT) 


Wooppy, L. D. JR., and Moscrip, Ropert II: Perform- 
ance Calculations for Combination Drive 
Reservoirs, 128 (June JPT) 


WyLLieE, M. R. J., et al.: Three-Phase Relative Permea- 
hility, (Tech. Note), 349 


PETROLEUM TRANSACTIONS, AIME 


: 
. 
— 
= 
: 4 


